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1 
Abstract 
Polymer based nanocompartments (polymersomes) have potential applications in synthetic 
biology (pathway engineering), medicine (drug release), and industrial biotechnology (chiral 
nanoreactors, multistep synthesis, bioconversions in non-aqueous environments, and selective 
product recovery). The aforementioned goals can be accomplished by polymer membrane 
functionalization through covalent bonding or inclusion of proteins/peptides, to obtain specific 
properties like recognition, catalytic activity and facilitated diffusion, mimicking the 
complexity of a biological membrane. Membrane protein FhuA ∆1-159 is already reported to 
be functionally reconstituted as channel protein into polymersome membranes of some 
polymers like PMOXA-PDMS-PMOXA. Nevertheless the hydrophobic mismatch, defined as 
the difference between the hydrophobic length of a membrane protein and the hydrophobic 
thickness of the membrane it spans, prevents the insertion of channel proteins like the 
engineered FhuA ∆1-159 into thick polymeric membranes. The first part of this thesis deals 
with addressing the challenge to minimize the hydrophobic mismatch between the channel 
protein and the polymeric membrane. A “rational” strategy to double the last five amino acids 
of each of the 22 β-sheets present in FhuA ∆1-159 prior to the more regular periplasmatic β-
turns has been developed (FhuA ∆1-159 Ext). As a result the length of the calculated protein’s 
hydrophobic portion was increased by 1 nm. The secondary structure prediction and Circular 
Dichroism (CD) spectroscopy strongly suggest the β-barrel structure of the engineered protein. 
The protein insertion and functionality within a nanocontainer polymeric membrane based on 
the triblock copolymer PIB1000-PEG6000-PIB1000 (PIB = polyisobutylene, PEG = 
polyethyleneglycol) has been proven by kinetic analysis using the HRP-TMB assay (HRP = 
Horse Radish Peroxidase, TMB = 3,3',5,5'-tetramethylbenzidine). Similar experiments with the 
parent FhuA ∆1-159 protein showed no insertion into the PIB1000-PEG6000-PIB1000 membrane. 
Furthermore labeling of the Lys-NH2 groups present in the FhuA ∆1-159 Ext channel, leads to 
controllability of in/out flux of substrates and products from the nanocontainer. The FhuA ∆1-
159 Ext flexibility opens further possibilities to be applied as nano-channel in different block 
copolymer vesicles. 
In the thesis’s second part, a fusion protein (Cecropin A-EGFP) based on the Cecropin A 
antibacterial peptide and the EGFP (Enhanced Green Fluorescent Protein) was designed, 
   
 
2 
expressed and biophysically characterized for the functionalization of a polymersome surface. 
The interaction with the tri-block PIB-PEG-PIB based polymersome membrane was analyzed 
by CD, coupled with EGFP and Trp fluorescence measurements. Results revealed that the 
Cecropin A peptide is inserted into the polymersome membrane mimicking its lipid bilayer 
behavior and acting as “membrane surface anchor” for water soluble proteins. 
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Chapter I-Introduction  
1.1 Polymersome membrane functionalization with FhuA variant (a channel protein)  
So far different approaches have been followed towards the functionalization of 
polymersomes. The functionalization of polymersome membranes was achieved by inserting 
E. coli membrane protein FhuA ∆1-159 as channel protein into the amphiphatic membrane of 
these nanocontainers. Polymers forming polymersomes with thick membranes like PIB-PEG-
PIB could not be functionalized by the use of FhuA ∆1-159 probably due to the hydrophobic 
mismatch between the length of the polymeric membrane and that of the protein. The approach 
here described was to increase the protein’s length by at least 1 nm to minimize the mismatch 
leading to unsuccessful insertion of the protein. 
1.1.2 Nanocompartments (General)  
Self assembly of macromolecules has been one of the main choices of investigation for the 
past several decades. Formation of either vesicular or micellar structures by these 
macromolecules is considered of great importance due to their vast potential applications in 
many fields. Liposomes (vesicles formed by lipids) are first to be named due to their potential 
for being used as drug delivery systems (Bangham et al. 1993). The two major concerns with 
liposomes were their low stability and rapid clearance by the reticulu-endothelial system 
(Kohno et al. 1997 and Sharma et al. 1997). Polymer vesicles, so called polymersomes instead 
are small hollow spheres that enclose a watery solution. For the formation of vesicles 
amphiphilic synthetic block-copolymers are used with a size range of 50 nm to 5 µm. 
Polymersomes are important for their ability to protect the encapsulated sensitive molecule 
such as drugs, enzymes, peptides or other proteins, DNA or RNA. The polymer membrane 
provides a physical barrier to the encapsulated molecule and keeps it isolated from the external 
environment. Unlike liposomes polymersomes have increased stability and reduced 
permeability. The manipulation of synthetic polymers allows to control the design and 
characteristics of a polymersome and thus getting the desired permeability, size, release rates 
and biodegradation property (Discher et al. 1999 and Discher et al. 2002). 
The two components of an amphiphilic molecule, hydrophobic and hydrophilic, have their 
affinity to non-polar and aqueous medium respectively. In an aqueous medium these 
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molecules self assemble and give ordered structures like, micelles, rods, vesicles or larger 
aggregates (Figure 1). 
 
 
Figure 1: Different amphiphilic molecules self assemble into a) micelle b) vesicle c,d) cubic structure e,f) lamella 
g) tubes h) rods (Antonie et al. 2003). 
1.1.3 Mechanism of self assembly of block co-polymers into polymersomes  
Amphiphilic block-copolymers undergo static self-assembly that brings the system to 
equilibrium without dissipating energy to form vesicles or vesicular structures. Block-
copolymer self organization can be controlled by using different parameters like temperature, 
pH, block-copolymer concentration, solvent use etc. Formation of vesicles by block-
copolymers is a two step process; in a first step the amphiphiles form a bilayer which then 
closes in the second step to form the vesicles. The size of the hydrophobic part relative to the 
hydrophilic part determines the shape of the self assembled amphiphiles vesicle. This also 
determines the curvature of the hydrophobic-hydrophilic interface. The curvature is related to 
the surfactant packing parameter (Chiefari et al. 1998). To get bilayer formation of a particular 
block copolymer with a given volume v and length l the interfacial area a is adjusted until the 
surfactant parameter reaches unity (Figure 2). 
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Figure 2: Description of amphiphiles shapes in terms of the surfactant parameter v/al (Forster et al. 2002). 
 
In figure 3 poly (butadiene)-b-poly (ethylene oxide), PB-PEO, a block copolymer, undergoes 
different self assembled structures from spherical micelles to cylindrical micelles and finally 
vesicles depending upon the decrease of the hydrophilic/hydrophobic ratio (Hawthorne et al. 
1999). 
 
Figure 3: TEM (Transmission Electron Microscopy) images (a,b) and optical micrograph (c) of different shapes 
of aggregates for a series of PB-PEO block copolymers ranging from spherical micelles (PB200-PEO360) through 
cylindrical micelles (PB125-PEO155) to vesicles (PB37-PEO40) (Förster et al. 2002). 
 
The free energy in case of an amphiphile is the interfacial energy of the hydrophobic and 
hydrophilic surfaces and the loss of entropy when a flexible polymer chain is forced to fit into 
the aggregate’s micro-domain. If the interfacial energy is large and the entropy loss is small, 
the minimization of the interfacial area dominates the associated thermodynamics.  
High-energy interfaces arranged in an order of increasing interfacial energy are water 
oil<water-silicon<water-fluorinated hydrocarbon. Polymers with low conformational entropy 
are quite stiff polymer chains with low internal degree of freedom. Under such conditions the 
amphiphile will associate into structures that minimize the interfacial area per unit volume. 
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Many recent observations of bilayer or vesicle formation are that flexible alkyl chains, 
dendrimers, and amphiphiles need to have a very low spontaneous curvature to form bilayers. 
1.1.4 Properties of polymer vesicles  
The term polymersome was first used for vesicles formed by polymers by Discher (Discher et 
al.1999). Amphiphilic polymers can form vesicles that contain a small amount of water inside; 
such structures are called nanocontainers (Nardin et al. 2001). The membrane of the vesicle 
that separates the inside encapsulated water, liquid, molecules, drugs, protein, DNA or RNA 
has two important characteristics, its stability and permeability. The main advantage of these 
synthetic nanocontainers is their higher stability over liposomes due to their increased length, 
conformational freedom, and slower dynamics of the polymer used (Shen et al. 2000, Zhang et 
al. 1995 and Nardin et al. 2000). The thickness of the membrane can be tailored by the nature 
and length of the hydrophobic chains of the polymer that are used for the constitution of the 
polymersome/nanocontainer (Shen et al. 2000).  
Hydrophobic compounds can be encapsulated in the membrane of the vesicles by stirring 
together with the vesicle solution. Hydrophobic compounds can be dissolved with the polymer 
in the organic co-solvent and the solution can be subsequently transfered to water and stirred 
to form vesicles. Other compounds like carotene, vitamin E and taxol etc. can bind to the 
vesicle membrane. Hydrophilic molecules can be encapsulated in the cavity of polymer 
vesicles and in this case the polymer solution in organic solvent is stirred with the already 
water dissolved molecule. During vesicle formation the hydrophilic compound becomes 
enclosed within the polymersome membrane and during this process vesicles are formed. The 
free molecules of the target molecule/compound to be encapsulated can be separated by gel 
filtration, ultra-filtration or dialysis. As example polymer vesicles with membrane inserted 
quantum dots and encapsulated fluorescein respectively are shown in figure 4. Polymer 
vesicles can retain encapsulated molecules over days to weeks. The thickness of the polymer 
vesicle membrane is responsible for low permeability of the encapsulated molecule (5-20 nm) 
as compared to the lipid membrane (3-5 nm). 
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Figure 4:  Polymer PB-P2VP (poly (butadiene)-block-poly(2-vinyl-pyridine) vesicles with fluorescent dye CdTe. 
Quantum dots with in a vesicle bilayer (b) encapsulated fluorescein in the interior (Antonietti and Förster, 2003). 
1.1.5 Polymersome applications  
Polymersome are particularly interesting since they are straightforward encapsulation devices, 
can be used as transport systems, protection devices for labile substances and nanoreactors. 
They also can perform localized chemical reactions at the nanometer level. Cellular targeting 
and delivery of biologically relevant molecules such as anticancer drugs, proteins and genes 
are of great importance and need of the day. The bioavailability of these molecules can be 
increased by using nanocontainers/polymersomes as carriers of these molecules. Also, 
amphiphilic copolymers as polymersome building blocks have low critical aggregation 
concentrations and very slow chain exchange dynamics, showing that they have very slow 
rates of dissociation. Depending on the properties of the used hydrophobic block, copolymer 
vesicles allow the retention of the encapsulant for long time depending on the properties of the 
hydrophobic block of the copolymers. Therefore, polymersomes are particularly attractive 
vehicles for drug, protein and gene encapsulation and delivery (Ahmad et al. 2006 and Iatrou 
et al. 2007). They are also equally important for biomedical imaging and diagnostic purposes 
(Christian et al. 2007 and Ghoroghchian et al. 2006). Both hydrophobic and hydrophilic 
molecules can be incorporated into polymersomes (Figure 5). 
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Figure 5: Schematic representation of encapsulation of hydrophobic and hydrophilic drug and their release 
towards target (Meng et al. 2009). 
 
Besides their importance as delivery systems, polymersomes have served as membrane 
models. Research on functional polymersomes, especially stimuli-sensitive polymersomes, 
responsive to pH, temperature etc. are of tremendous importance. Polymers offer many 
possibilities of tailoring/engineering of chemical, physical or biological properties by changing 
of block length, chemical structure and conjugation with biomolecules. Different functions can 
be obtained either in a single polymer chain or by mixing different polymers. This extends the 
application of functionalized polymersomes ranging electronics, optics, sensors and agro-
chemistry (Galaev et al. 1999). Despite the fact that much progress has been made within the 
past decade, most polymersome systems reported so far suffer from drawbacks of being not 
biocompatible, non-biodegradable, slow responsive to stimuli or a lack in target ability. 
1.1.6 Protein-lipid and protein-polymer interactions  
In case of interactions between lipids and membrane proteins the hydrophobic match between 
bilayer and protein is a central feature. The hydrophobic–hydrophilic pattern of membrane 
proteins are naturally optimized with respect to the thinner biological membranes. The 
hydrophobic thickness (d) of the lipid bilayer and the length (ℓ) of membrane spanning protein 
are closely matched. This arrangement minimizes the energetic penalty associated with 
exposing a non polar/polar interface (Kauzmann 1957). It is highly unlikely that membrane 
proteins will have the flexibility to an extent that can cover the hydrophobic mismatch with 
lipids. In practice they are much less compressible than the lipids. In fact lipid bilayers are 100 
to 1000 folds softer than the embedded proteins, thus the match between lipid bilayer and 
inserted protein is more likely due to adjustment of membrane lipids rather than due to the 
adjustment of embedded proteins (Lundbaek 2006). This is shown in figure 6 (Olaf et al. 
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2007). However the flexibility of the membrane lipids is restricted and due to the relatively 
restricted configurations of lipid core and tail, lipid bilayers are comparatively incompressible 
and cannot support large deformation in thickness or surface density (Gennis et al. 1989). Up 
to a limited extent the lipid membrane can stretch or shrink according to the size of protein. 
The hydrophobic thickness of the lipid (dо) should be closely related to the hydrophobic 
length (l) of the membrane spanning protein. Already a small mismatch between the lipid 
bilayer and a transmembrane protein will result in a considerably high energetic penalty and 
will thus inhibit protein incorporation. 
Figure 6: Stretching and compressing of lipid membrane to a limited extent according to the size of a membrane 
protein (taken from Olaf et al. 2007). 
The insertion of membrane proteins into liposome has been studied over a long time period. 
Many different proteins have been incorporated and their functions have been analysed by the 
use of liposomes (Lundbaek 2005). However, the low stability of these systems made many 
researchers shift to use polymers instead of lipids to produce hybrid protein-polymer system. 
In 2000 Nardin et al. proved that amphiphilic ABA block copolymers are suitable for the 
reconstitution of membrane proteins. These ABA copolymers, containing a hydrophobic layer 
(B) in between two hydrophilic layers (A), are analogous to typical lipid bilayers. For the 
functional reconstitution of membrane proteins, thin walled vesicles are needed, to be 
compatible with the transmembrane protein size. Apparently, the ABA triblock copolymer 
membranes are much thicker than a lipid bilayer, but still the incorporated proteins remain 
active despite of the 2-3 fold higher thickness of the polymeric membrane compared to 
biological membranes. It seems that the flexible chain of the hydrophobic block is able to 
adapt to the specific geometry of the membrane protein thus assuring the functionality of the 
incorporated protein. Simulation studies on the interaction of polymers and the E. coli 
Perfect matching of protein 
and lipid membrane 
With shorter proteins lipids has 
compressed 
With longer protein lipid 
has stretched 
ddo d
o 
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membrane protein OmpF proved the considerable higher fluidity of the used polymers 
compared to biological lipid based membranes. The insertion of OmpF into EO29EE28 
(ethylene oxide ethyl-ehtylene) polymer revealed considerable symmetric deformation of the 
hydrophobic region of the polymer and the hydrophobic mismatch is 1.32 nm (Figure 7). This 
accounts for 22% of the polymer thickness (Goundla et al. 2005).  
 
 
 
Figure 7: Self-assembled copolymer bilayer shown along with an OmpF membrane protein that is modeled as a 
porous cylinder with hydrophilic edges (purple). This Protein is inserted into thicker (A) and thinner (B) polymer 
bilayers. PEO, PEE and water are represented by in red, yellow, and light blue, respectively. (C) Corresponding 
density distributions are shown both across the membrane and along the membrane interface (Goundla et al. 
2005). 
If copolymer bilayers cannot withstand the hydrophobic mismatch, the protein can be expelled 
from the bilayer. Dan et al. 2003, predicted that a significant number of transmembrane 
proteins/channel proteins can be inserted into block copolymer membrane with a high 
thickness mismatch, since the self assembled polymer bilayers surface density is set by an 
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energetic balance between the surface tension at the hydrophobic/hydrophilic interface and the 
additional degree of freedom arising with chain confirmation. It can be concluded that the 
inclusion of the channel/transmembrane protein and the flexibility of the bilayer are 
interdependent from each other.  
The use of polymer-protein hybrids opens the option to combine the mechanical and chemical 
stability of polymers with the specificity of membrane proteins. These types of block 
copolymer protein hybrid systems are of major interest in areas like pharmacy or 
biotechnology because they enable stabilization of proteins against proteolysis and 
denaturation (Nardin et al. 2000 and Nardin et al. 2001). 
Moreover, due to their high stability, polymer vesicles provide a permanent setting for 
encapsulated molecules. This point is crucial in technical applications where storage for long 
time is needed.  
1.1.7 Functionalization of lipid and polymersome membranes 
The channel proteins FhuA (Nallani et al. 2006), OmpF (Nardin et al. 2001 and Meier et al. 
2000), Tsx (Ye et al. 2004) and MscL (Kocer 2007) have so far been inserted, in functional 
active form, into synthetic block copolymers membranes or liposomes. FhuA, ferric 
hydroxamate uptake protein component A, is one of the largest known monomeric trans-
membrane proteins. It consists of 714 amino acids and it is located in the E. coli outer 
membrane. FhuA folds into 22 anti-parallel β-strands, and harbors two domains (Ferguson et 
al. 1998), an N-terminal cork domain (amino acids 1-160) and the main barrel domain. Several 
crystal structures of FhuA have been resolved. FhuA wild type and Tsx were crystallized as 
monomers and OmpF as a trimer. By removing of the “cork domain” of FhuA, deletion of 
amino acids 5-160 (Braun et al. 1999 and Braun et al. 2002) or deletion of amino acids 1-160 
(Nallani et al. 2006) a passive diffusion channel was produced (FhuA ∆1-160). FhuA and 
engineered variants have a significantly wider channel than OmpF. The elliptical cross section 
of OmpF is 7*11 Å (Koebnik et al. 2000) while that of FhuA is 39*46 Å (Nallani et al. 2006). 
Due to its wider channel FhuA ∆1-160 even allows the translocation of single stranded DNA 
(Nallani et al. 2006).  
OmpF was the first transmembrane channel protein to be functionally incorporated into 
PMOXA-PDMS-PMOXA block copolymer membranes [PMOXA = poly (2-methyl-2-
  Chapter I-Introduction 
  
 
12 
oxazoline) and PDMS = poly(dimethyl siloxane)]; (Nardin et al. 2001, Ranquin et al. 2005, 
Meier et al. 2000). The number of OmpF molecules incorporated in PMOXA-PDMS-PMOXA 
vesicles prepared by the ethanol method (Nallani et al. 2006) was calculated. 130-1300 OmpF 
channels were reported in 200 nm sized PMOXA-PDMS-PMOXA vesicles by Ranquin et al. 
2005. Later on 5 to 20 OmpF channels were reported in 250 nm sized PMOXA-PDMS-
PMOXA vesicles (Nardin et al. 2001). As expected a direct correlation has been reported 
between catalytic efficiency of a nucleoside hydrolase encapsulated in nanocompartments and 
the number of inserted OmpF channels (Figure 8). 
 
                                          
Figure 8: Schematic representation of a functionalized (PMOXA-PDMS-PMOXA) nanoreactor, permeabilized 
by membrane protein OmpF, with encapsulated T.  vivax nucleoside hydrolase  (Ranquin et al. 2005). 
 
In 2008, Onaca et al. stated the functional reconstitution of FhuA ∆1-160 into PI-PEO 
(polyisoprene-polyethylene oxide) diblock copolymer vesicles with encapsulated HRP. The 
encapsulated enzyme showed fast conversion of the substrate TMB (3,3,5,5’-
tetramethybenzidine) implying that the system is suitable for biotechnological application. 
Nallani et al. reported in 2006 a nanocompartment system for selective recovery and 
controlled release of charged products. FhuA ∆1-129 was used to selectively recover 
negatively charged sulforhodamine B, by using polylysin molecules as trap within the 
nanocompartments (Figure 9).  
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Figure 9: Schematic representation of polymersomes for (A) selective product recovery by loading polmersomes 
with positively charged molecules as traps for negatively charged compounds (B) biocatylitic conversion of 
substrate by enzyme entrapped inside polymersome (Nallani et al. 2006) 
 
Furthermore the controlled release of nanocompartment entrapped compounds was 
demonstrated. For this purpose FhuA ∆1-160 was blocked by labelling lysine-NH2 groups 
within the protein with either a biotin [(2-[amido]ethylamido)-3,3′-dithiodipropionic acid N-
hydroxysuccinimide ester] or a pyridyl label [3-(2-pyridyldithio)propionic-acid-N-
hydroxysuccinimide-ester], containing a disulfide bond within the label. The disulfide bond 
could be broken by reduction via DTT (dithiothreitol) and diffusion of encapsulated calcein 
present in quenching concentration could be detected (Ozana et al. 2008). Recently, Güven et 
al. (2010) quantified the sterical contribution of each labeled lysine-NH2 separately within the 
channel of the FhuA ∆1-160. This study was performed on FhuA ∆1-160 (Lysine variants) for 
reconstitution in liposomes.  
Although FhuA was functionally incorporated into polymer membranes formed by the triblock 
copolymer PMOXA-PDMS-PMOXA the insertion process is known to be difficult, inefficient 
and not easy to reproduce. Functional insertion of FhuA ∆1-160 into polymer membranes 
formed by the relatively cheap triblock copolymer PIB1000-PEG6000-PIB1000, forming 
nanocontainers of 300-350 nm size, was not successful, probably due to the hydrophobic 
mismatch between polymer membrane and protein length.  
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1.1.7.1 Wild type FhuA Protein 
Wild type FhuA (Mw 78.9 kDa), is the receptor for ferrichrome-bound iron. The energy 
transducing protein TonB mediates the active transport of ferric siderophores across the outer 
membrane. Siderophores are secreted by microorganism to acquire iron. FhuA is one of the 
more complex members of the super family of bacterial outer membrane proteins. It is a 
multifunctional protein in the outer membrane of E. coli that actively transports [Fe+3] 
ferrichrome, the antibiotics albomycin and rifamycin CGP 4832. It furthermore mediates 
sensitivity of cells to the unrelated phages T5, T1, φ80 and UC-1 and the antibiotics colicin M 
and microcin J25 (Killmann et al. 2002).  
FhuA is monomeric, composed of a COOH-terminal β-barrel domain (residues 161 to 723) 
and an NH2-terminal cork domain (residues 1 to 160). The cork domain is located within the 
barrel and partially blocks the channel interior (Figure 10). The plug domain is tightly attached 
to the barrel interior by nine salt bridges and more than 60 hydrogen bonds. FhuA’s height is 
69 Å and it has an elliptical cross section of 46 by 39 Å (Ferguson et al. 1998). The first four 
amino acids present in the cork domain are involved in ferrichrome binding. In FhuA ∆1-159 
the first 159 amino acids (cork domain) is deleted yielding and open channel (Figure 10).  
 
 
Figure 10: Structural models of FhuA wild-type: on the right side view, on the left view of the FhuA ∆1-159   
                  designed with PDB Viewer (GlaxoSmithKline, Basel, Switzerland). 
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1.1.7.2 Concept of the FhuA variant, FhuA ∆1-159 Extended 
As described earlier, the reconstitution of channel proteins into polymer membranes has to be 
overcome the hydrophobic mismatch energy penalty between membrane and the protein.  As a 
wide range of copolymer compositions and molecular weights (Mw) are available and an 
increase in copolymer Mw leads to increased membrane thickness up to 20 nm or even more 
(3-5 nm for lipid bilayers) “polymersome” membrane systems significantly expand the range 
of membrane properties away from those achievable with natural biological membranes 
(Goundla et al. 2005). For the reconstitution of the FhuA channel protein into relatively thick 
size membranes the energy penalty due to hydrophobic mismatch has to be minimized.  
In the present study we increased the total length of the FhuA ∆1-159 by addition of 5 amino 
acids at each of the 22 anti-parallel β strands to reduce the hydrophobic mismatch with thick 
polymeric membranes (FhuA ∆1-159 Extended). The aim was to increase the length of the 
protein by incorporation of the same amino acids which are already part of the hydrophobic 
region. In figure 11 the FhuA wild type’s amino acid sequence is shown starting from amino 
acid 160. Depicted are the amino acids sequence, amino acid positions within the membrane, 
periplasmic part and external part (Kaspar et al. 1998). Although the addition of five amino 
acids to each β strand will not result in the increase of the total hydrophobicity of the system, it 
can help in increasing the contact between the protein and the hydrophobic surface of the 
polymer membranes and eventually in minimizing the hydrophobic mismatch energy penalty 
for the insertion of the FhuA variant.  
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Figure 11: Secondary structure representation of FhuA ∆1-159 within the outer membrane of E. coli. L and T are 
extra-cellular loops and periplasmic turns. Residues are framed according to their secondary structure: β strands 
(diamonds), α helices (rectangles), loops or turns (circles); thick frames indicate residues that are exposed to the 
lipid bilayer (gray shading). Taken from (Kaspar et al. 1998). 
 
search/vmd/). 
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1.2 Polymersome membrane functionalization with the peptide-protein chimera 
Cecropin A-EGFP 
1.2.1 Cecropin A 
Cecropins are a family of 31-39 amino acid peptides with antibiotic effect (Hultmark et 
al. 1980). They play an essential role in the innate immunity of insects and mammals 
(Boman et al. 1995) and their expression is induced upon bacterial infection. Major forms 
are Cecropin A, B and D with a primary sequence length of 37, 35 and 31 amino acids 
respectively. Cecropins form amphiphatic helices, have potent Gram- positive and Gram-
negative antibacterial activity and are highly conserved. Cecropin A is one of the most 
extensively studied antimicrobial peptides that is produced by insects as component of 
their host defense systems against microbial infection (Hancock et al. 1999, Hoffmann et 
al. 1995 and Oren et al. 1998). All the residues in Cecropin A are ordinary L-amino acids 
(Steiner et al. 1981). Cecropin A, produced by the moth Cecropia (Boman et al. 1987) 
folds as a random coil in water but partially forms α helices in organic solvents (Holak et 
al. 1988). The Cecropin A N-terminal region is positively charged, whereas the C-
terminus shows a hydrophobic stretch. Characterized in water/hexafluoropropanol (HFP) 
solvent mixtures by solution NMR spectroscopy, Cecropin A has a long N-terminal basic 
amphiphatic α helix, followed by a shorter C-terminal hydrophobic helix (Andreu et al. 
1985 and Fink et al. 1989). The two helices are linked by a Gly-Pro sequence (residue 
23-24). The structure of Cecropin A forms a hinge at the linker region.  The primary 
sequence of Cecropin A is the following: 
 
KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAKCONH2 
1.2.2 Behavior of Cecropin A in contact with the lipid membrane  
Circular dichroism (CD) studies show that Cecropins are unstructured in aqueous 
solutions and fold into α helical secondary structure in presence of hexafluoroisopropanol 
(HFIP), vesicles of lipopolysacharides (LPS), SDS micelles or liposomes respectively 
(Steiner et al. 1982, Bland et al. 2002 and Wang et al. 1998). Extensive studies have been 
carried out on the peptide-membrane interaction but the exact mechanism of interaction, 
as well as the cell killing behavior of the peptide, remains unclear. The proposition about 
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the cell membrane and peptide interaction is that there is an initial binding of the peptide 
to the outer membrane and the subsequent displacement of divalent cations. The 
displacement of divalent cations results in destabilization of the cell membrane envelope 
which leads to the subsequent peptide uptake (Piers et al. 1994). The mechanism of 
peptide crossing the outer membrane at the molecular level is poorly understood. 
However meaningful understanding is present on the events during peptide binding and 
disruption of the cytoplasmic membrane. It may occur through a detergent like “carpet 
mechanism” or the formation of clear pores that dissipate ion gradients (Shai et al. 2002, 
Juvvadi et al. 1997, Christensen et al. 1988 and Huang et al. 2000).  
Sedimentation studies show that Cecropin A is monomeric in solution (Silvestro et al. 
1999). It is supposed that the initial association of α helical peptide with a lipid bilayer 
can be in three orientations; parallel to the membrane surface, along the membrane 
normal or at an oblique angle (Figure 12). Depending on the sequence of the peptides 
they interact with the membrane in a specific orientation (Silvestro et al. 1999, Marassi et 
al. 1999, Silvestro et al. 2000 and Han et al. 2001). 
 
 
 
Figure 12: Interaction of amphipathic α-helical peptides (cylinders red) with a lipid bilayer in three general 
orientations: Parallel to the membrane surface, at an oblique angle or perpendicular to the membrane 
surface (taken from Sato et al. 2006).  
 
In case of Cecropin A the initial event is the association of a monomeric peptide with a 
large number of phospholipids. Cecropin A was 14N labeled at either Ala 27 or Val 11 
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and was incorporated into a plain bilayer. Solid state NMR shows that the amide bonds 
were lying parallel to the membrane surface (Figure 13).  
 
 
 
Figure 13: In-plane orientations of the two helical segments of Cecropin A in lipid bilayers, determined by 
the solid-state 15N chemical shift NMR (Marassi et al. 1999). 
 
This study indicates that both the N-terminal and C-terminal are lying along the surface 
of the membrane (Marassi et al. 1999). Internal reflection Fourier transformed infra-red 
(FTIR) spectroscopy showed that the peptide forms a secondary structure that is primarily 
α helical and oriented parallel to the membrane surface (Silvestro et al. 2000). The 
folding and orientation of Cecropin A takes place while superficially adsorbed onto a 
membrane surface and it remains folded in the same confirmation throughout the 
different stages while it remains in contact to the membrane (Figure 14). The folding of 
the peptide is driven by the interaction with superficial components of the membrane and 
not by the deeper hydrophobic region of the membrane. A separate set of interaction is 
needed for driving the peptide into the deeper region of the membrane leading to a 
perfect insertion of the peptide (Silvestro et al. 2000).  
 
 
 
Figure 14: Proposed membrane recognition and penetration of an unfolded Cecropin A (Silvestro et al. 
2000). 
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All these studies reveal that during association of α helical peptides and bilayer, peptides 
lie initially parallel to the surface of the membrane. The peptides persist to stay there 
unless there is a critical membrane bound concentration of the peptide on the membrane 
surface. The bilayer becomes thin upon peptide accumulation, resulting in a localized 
collapse of the bilayer and ultimately peptide insertion into the bilayer in any of the 
arrangements (barrel-stave or detergent) like and thus disintegration of the bilayer 
membrane (Sato et al. 2006).  
1.2.3 Hydrophobic peptides and polymersomes 
As mentioned above, peptides have the ability to interact or insert into lipid membranes. 
Also there has been a study on peptides like polymyxin B (PMB) that interacts and 
inserts into liposomes i.e. lipid vesicles. Interaction between PMB and liposomes was 
studied using neutral and charged liposomes and the system was characterized 
extensively (Lawerence et al. 1993). Furthermore PMB and its derivatives were shown to 
interact with polymersomes from MPEG-PVL {Methyl poly(ethylene glycol)poly 
valerolactone}. The purpose of the study was to show that smaller hydrophobic peptides 
can also accommodate into larger hydrophobic regions of polymer vesicles (Onaca et al. 
2006). Another study was performed by Haefele et al. 2006 using polymersomes formed 
by PMOXA-PDMS-PMOXA and the peptide alamethicin to analyse the phase behavior 
of mixed Langmuir monolayers from amphiphilic block copolymers and alamethicin. 
Christian et al. 2007 attached the so called tat (HIV derived peptide) onto the surface of 
near infrared emissive polymersomes to label dendritic cells.  
1.2.4 Polymersome surface functionalization and targeting 
In water amphiphilic block copolymers can self-assemble to form mesoscopic structures 
having diameters between 200 nm and 50 µm (Discher et al. 1999). The ratio of 
hydrophilic to hydrophobic block volume fraction determines whether micelles or 
vesicles will be formed (Antonietti et al. 2003, Zupancich et al. 2006 and Hillmyer et al. 
1996). Generally membrane structures are formed when the ratio of hydrophilic block is 
35% ± 10%, while ratio at greater than 45% usually results in the formation of micelles 
(Discher et al. 2006). Micellar structures present significant limitations compared to 
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polymersome as they cannot encapsulate hydrophobic molecules in aqueous solutions 
(Savic et al. 2003). Polymersomes on the other hand can encapsulate hydrophilic 
molecules in their watery interior and hydrophobic molecules in their thick lamellar 
membrane (Ghoroghchian et al. 2006). These properties of the vesicles architecture make 
them multimodal platforms i.e. they can be used for therapeutic, diagnostic and other 
technological purposes.  Schematic representation of the polymersomes with different 
potential technological applications is shown in figure 15. 
 
 
 
Figure 15: Schematic representation of polymersomes loaded with molecules having different potential 
applications like: Optical imaging, drug delivery and targeted therapy (Levine et al. 2008). 
 
Biologically active molecules can be used on the surface of the polymersome to direct 
them towards a specific target. The use of chemotherapeutics in conjunction with 
molecular targeting agents results in a synergistic effect (Park et al. 2000). It is obvious 
that the development of polymersome based delivery vehicles would greatly increase the 
efficacy of the therapeutic agent used for a particular application. Lin et al. 2006, 
functionalized polymer vesicles with anti-ICAM-1 antibodies to target ICAM-1 (inter 
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cellular adhesion molecule-1). ICAM-1 is up-regulated in endothelial cells during 
inflammation. ICAM-1 was immobilized on the surface of polystyrene beads. The 
polymer vesicles were adhered to the polystyrene beads and it was concluded that the 
strength of binding is linearly proportional to the surface density of the anti-ICAM-1 on 
the surface of the polymersome. Polymersomes from PEG-block-poly(ester) and PEG-
block-poly(carbonate) diblock copolymer were functionalized with anti-human IgG (a-
HIgG) or anti human serum albumin (a-HSA), these were conjugated to the polymersome 
via covalent attachment either through the carboxyl group on the vesicle surface or by 
attachment to protein G which was covalently attached to the polymer membrane surface. 
The effectiveness for targeting was higher in case the G protein was conjugated to the 
surface of the polymersome (Meng et al. 2005).  
Polymersomes are valuable tools for drug delivery, imaging, and diagnostics. They are 
both industrially and biotechnologically important. The enhanced stability and storage 
capacity have made them far better than the lipid based liposomes. The main concern is 
their tuneability and target delivery. In the previous part of this thesis we discussed about 
encapsulation and functionality of channel proteins within the polymersome membrane. 
In the present study we will discuss about a proof of concept system that is a step towards 
the targetting of polymersomes towards a specific target site.  
1.2.5 GFP and EGFP (enhanced green fluorescence protein) 
The green fluorescence protein (GFP) is composed of 238 amino acids and its molecular 
weight is 29.9 kDa. It exhibits bright green fluorescence when exposed to blue light 
(Prendergast et al. 1978 and Tsien et al.1998). GFP was first isolated from the jellyfish 
Aequorea victoria. It has an excitation wavelength maximum at 475 nm and emission 
wavelength maximum at 509 nm. GFP has a typical β barrel structure with 11 β sheets 
(Rodrigue et al. 1995) and contains the chromophore in the center (Ormo et al. 1996). 
Inward facing side chains of the barrel induce specific cyclization reactions in the tri-
peptide sequence Ser65–Tyr66–Gly67 that lead to chromophore formation. This process 
of post translational modification is termed as maturation. The hydrogen bonding 
network and electron stacking interactions within these side-chains influence the color of 
wild type GFP and its numerous derivatives. The tightly packed nature of the barrel 
  Chapter I-Introduction 
  
 
23 
excludes solvent molecules, protecting the chromophore fluorescence from quenching by 
water. Due to the potential for widespread usage, many different mutants of the GFP have 
been evolved (Haner et al. 2005).  The first major improvement was the introduction of 
substitution (S65T) which improved the spectral characteristics of GFP, leading to 
increased fluorescence, photo-stability, shift of the major excitation peak to 488 nm and 
peak emission at 509 nm (Hein et al. 1995). A further point mutation (F64L) yielded an 
enhanced green fluorescent protein (EGFP) (Hastrup et al. 1995). EGFP opened the 
possibility to be used in mammalian cells and many other tracking systems with easy 
production of the protein and higher fluorescence. Other mutants of GFP have been 
produced like blue fluorescent protein (BFP, that contain (Y66H) substitution (Heim et 
al. 1994), cyan fluorescent protein (CFP), with a point mutation (Y66W) (Cubitt et al. 
1999) and yellow fluorescent protein (YFP) with T203-Y (Ormo et al. 1996). 
The fact that its fluorescence requires no other cofactor, as the fluorophore is formed 
from the cyclization of the peptide backbone, makes the GFP as well as its derivatives 
extremely useful as reporter systems and biological markers. Moreover the use of GFP or 
its derivatives as protein tags for localization does in many cases not alter the normal 
function of the tagged protein nor is the functionality of GFP altered. Presently GFP has 
found broad application in almost all organisms and all major cellular compartments.  
GFP has also been used as an active indicator for protease action, transcription factor 
dimerization, calcium sensitivity etc.  In recent years, biochemical engineers have also 
found GFP's great ability to quantitatively monitor gene expression in different organisms 
(Chalfie et al. 1994 and Plautz et al. 1996). 
The present study is based on the fusion of Cecropin A and EGFP and the chimera 
insertion into polymersome membranes. Using molecular biology techniques, Cecropin A 
and EGFP DNA were to be conjugated. After expression and purification of the chimera 
it was to be attached on the surface of polymersomes already used for the insertion of 
FhuA ∆1-159 Ext (see above). Different biophysical characterization of the chimera 
attached on the surface of the polymersomes is employed for the confirmation of the 
surface functionalization. The initial reporting event for Cecropin A 
binding/attachment/insertion is via the EGFP fluorescence. Biophysical techniques like 
tryptophane fluorescence emission shift assay and CD (Circular Dichroism) are used to 
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report the secondary structure changes of the Cecropin A while it is in association with 
the hydrophobic membrane of the polymersome in contrast to the water environment. 
1.2.6 Aim of the study 
The aim of the study was to functionalize/decorate the surface of PIB1000-PEG6000-PIB1000 
polymersomes with a Cecropin A based chimera, in which EGFP is genetically linked to 
amphiphilic the peptide Cecropin A via a 10-Alanine linker. Being amphiphatic in nature 
Cecropin A will bind/insert onto the membrane of the polymersome and EGFP, being 
hydrophilic, will remain outside. Different biophysical techniques are employed to 
characterize and confirm the binding of Cecropin A on to the surface of the 
polymersome. This proof of concept can open a way to replace EGFP with any 
protein/enzyme/antibody and thus the system may have broader potential application 
specifically for targeting a polymer based nanocontainer to any particular site. Figure 16 
shows a schematic representation of such a nanocontainer having the potential to be 
functionalized for all possible applications. 
 
 
Figure 16: Schematic representation of a polymersome having the potential to be functionalized in all      
                  possible ways. 
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Chapter II: Materials and Methods 
2.1 FhuA ∆1-159 Ext. cloning, expression, extraction and its reconstitution in the 
polymeric membranes 
2.1.1 Bacterial strains and media used for culturing, cloning and expression of FhuA 
∆1-159 Ext 
The different bacterial strains used in this work are given in table I and media used for 
the growth of the cells are given in table II. 
 
Table I: Bacterial strain used for cloning and expression of FhuA ∆1-159 Ext 
 
Strain  Genotype source 
E. coli BL21 fhuA2 [lon] ompT gal (λ 
DE3) [dcm] ∆hsdS λ DE3 = λ 
sBamHIo ∆EcoRI-B 
int::(lacI::PlacUV5::T7 
gene1) i21 ∆nin5  
Strain collection 
Department of 
Biotechnology, 
RWTH, Aachen 
E. coli BE strain BL 21 
(DE3) omp8 
 (F- hsdsB (rB- mB-) gal 
ompT dcm (DE3) ∆lamb 
ompF::Tn5 ∆ompA ∆ompC) 
Received as a gift from 
Ralf Koebnik  
E. coli DH5α cells  F’/endA1, hsdR17(rk-mk+), 
supE44, thi-1, recA1 gyrA, 
(Nalr), relA1, ∆(lacZYA-
argF)U169, (φ80lacZ∆M15), 
ampS, tet 
(Invitrogen) Karlsruhe, 
Germany 
 
 
Table II: Media used for culturing of the cells (FhuA ∆1-159 Ext) 
 
Medium Ingredients 
LB 10 g/L NaCl 
 5 g/L yeast extract 
  10 g/L peptone 
LBA same as LB, but 100 µg/mL ampicillin additionally 
TY 5 g/L NaCl 
 5 g/L yeast extract 
  10 g/L peptone 
TYA same as TY, but 100 µg/mL ampicillin additionally 
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2.1.2 Chemicals and synthetic gene 
All chemicals were of analytical grade or higher quality and purchased from Sigma-
Aldrich Chemie GmbH (Munich, Germany), Applichem (Darmstadt, Germany), Carl 
Roth (Karlsruhe, Germany), Fermentas (St. Leon-Rot, Germany), Serva (Heidelberg, 
Germany) OmniChem (Louvain-la-Neuve, Belgium) and Riedel de Haen (Seelze, 
Germany) if not stated otherwise. 
Synthetic gene FhuA ∆1-159 Ext was provided by GeneArt, ISO 9001, Germany. The 
sequence of the gene (nucleotides) and protein (amino acids) are given in appendix (I) 
and (II) respectively.   
2.1.3 Cloning of the FhuA ∆1-159 Ext  
The obtained synthetic gene contained in the plasmid pMK-RQ was first transformed into 
E. coli DH5α cells (Invitrogen, Karlsruhe, Germany). The plasmid was then isolated from 
E. coli DH5α. 300 ng of the plasmid (synthetic gene) were digested with 20 U of the 
restriction enzymes NdeI and XhoI (New England Biolabs) for 2 hours at 37ºC to cut the 
insert from the vector. Gel electrophoresis was performed using a 0.8 % agarose gel 
(TAE was used as running buffer and agarose dissolving buffer). The gel was stained in 
ethidium bromide solution for 15 minutes. The two fragments of the vector pMK-RQ and 
the freed fhuA ∆1-159 ext. were separated. The lower fragment corresponding to fhuA 
∆1-159 ext ORF (2127 base pairs) was cut from the gel and the DNA was purified using 
QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany). Similarly the pET 22b (+) 
vector was digested with the same enzymes and purified from the gel using the same kit. 
The fhuA ∆1-159 ext ORF was ligated to pET 22b (+) using T4 ligase (Fermentas, 
Germany) and then transformed into E. coli DH5α competent cells (prepared via 
rubidium-chloride method). Standard molecular biology techniques were used for 
transformation of the cells (Sambrook et al. 1989). Vector maps are shown in (Figure 
17). 
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Figure 17: Cloning of fhuA ∆1-159 ext. from pMK-RQ into pET22b+ 
 
All cultures were stored in glycerol stocks 1:1 at -80°C. From the culture of the E. coli 
DHα cells harbouring pET 22b (+) fhuA ∆1-159 ext, the plasmid was isolated using the 
miniprep plasmid kit QIAprep®. The plasmid was digested with 20 U of the restriction 
enzymes NdeI and XhoI (England Biolab) for 2 hours at 37ºC and the digested plasmid 
DNA was checked on an agarose gel (0.8%) for 30 minutes (Figure 27). The plasmid was 
sequenced for fhuA ∆1-159 ext. (Eurofin MWG-Biotech. Germany. Complete sequence 
of the plasmid is given in the Appendix I. 
2.1.4 FhuA ∆1-159 Ext transformation for expression 
pET 22b (+) harboring fhuA ∆1-159 ext was transformed into chemically competent cells 
of the expression host E. coli BL21 (DE3) omp8.  For efficient over expression of FhuA 
∆1-159 Ext it is crucial to each time freshly transform the expression host with the 
corresponding plasmid. Preparation of chemically competent E. coli cells and heat shock 
transformation was carried out as described in Sambrook et al. 1989. The efficiency of 
transformation was 2.3 x 104 colonies in non-diluted cell suspension. 
2.1.5 Expression of FhuA ∆1-159 Ext 
Randomly one inoculation loop of transformed E. coli BE strain BL 21 (DE3) omp8 
clones was taken from the LB-agar plates and resuspended in 25 mL LB-media with 
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ampicillin (100 µg/ mL) (100 mL Erlenmeyer flask, 250 rpm, ON, 37°C,  Infors HT 
Multitron, Shaker, Bottmingen, Switzerland). The main-expression culture (1 L 
Erlenmeyer flask with 250 mL TY medium) was inoculated with the respective amount 
of pre-expression culture cells to reach OD578 0.1. After inoculation of 250 ml main 
culture with cells from pre-culture, the flasks were incubated (250 rpm, 37°C, Infors HT 
Multitron, Shaker, Bottmingen, Switzerland). When OD578 reached 0.7, the main culture 
was induced by addition of IPTG (final concentration 1 mM). Further incubation of the 
culture for another 3-6 hours took place. Before adding IPTG (BI) and after expression 
(AI), 1 mL of culture sample was kept for SDS-PAGE. The samples were centrifuged 
(10621 rcf, 10 minutes, RT, Eppendorf 5415 D, Hamburg, Germany) the supernatant was 
removed and the pellets were stored in the freezer to verify the expression level. When 
the OD578 reached to 2, cells were harvested (20 min, 3220 rcf, 4ºC, Eppendorf 5810R; 
Hamburg, Germany). 
2.1.6 Extraction of FhuA ∆1-159 Ext 
Each pellet was resuspended (on ice) in lysis buffer (12.5 mL, 20 mM phosphate buffer 
pH 8, 2.5 mM MgCl2, 100 mM CaCl2), RNAse (125 µL, 10 mg/ mL), DNAse (12.5 µL, 
10 mg/ mL) and protease inhibitor PMSF (1.25 µL, 0.1 M stock in 100 % ethanol). The 
cells were passed three times at 1500-2000 bar through a high pressure homogenizer 
(Emulsiflex-C3, Avestin Inc, Ottawa, Canada) to break the cell walls. The disrupted cell 
suspension was mixed with extraction buffer (9mL, 20 mM phosphate buffer pH 8, 2.5 
mM MgCl2, 100 mM CaCl2, 20% Triton X-100) and incubated (200 rpm, 1 hour, 37°C). 
To remove the supernatant (with proteins, lipids and loosely bound cell membrane) and 
to obtain the outer membrane fraction, the samples were centrifuged (22000 rpm,  39700 
rcf, 45 minutes, 4°C, OPTIMATM, L-100XP, Beckman Coulter, ultra centrifuge 
California, USA). To remove Triton-X-100 the pellet was washed three times with 
washing buffer (10 mL, 20 mM phosphate buffer pH 8). Pre-solubilization buffer (9 mL, 
20 mM phosphate buffer pH 8, 1 mM EDTA, 0.1 % oPOE) and 1mM PMSF (final 
concentration) were added to the sample. oPOE (n-octyl-poly-oxyethylene), chemical 
formula (CH3-(CH2)7-O-(CH2-CH2-O)x-H  x = 1 to 10) was purchased from Enzo Life 
Sciences, Batch No. L23715/b. The pellet was homogenized with a tissue grind tube 
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(Kimble/ Kontes / Gerresheimer No. 885752-0024, Düsseldorf, Germany). Incubated  for 
1 hour at 37º C (200 rpm). Membrane fractions were subsequently removed by 
centrifugation (45000 rpm, 109760 rcf, 45 minutes, 4°C, OPTIMATM, L-100XP, 
Beckman Coulter, ultra centrifuge California, USA). Solubilization buffer (9 mL, 20 mM 
phosphate buffer pH 8, 1 mM EDTA, 3 % oPOE) and 1mM PMSF (final concentration) 
were added to the pellet which then was homogenized with the tissue grind tube. 
Incubation was carried out (200 rpm, 1 hour, 37°C). Membrane fractions were collected 
by centrifugation (45000 rpm, 109760 rcf, 45 minutes, 4°C, OPTIMATM, L-100XP, 
Beckman Coulter, ultra centrifuge California, USA). The supernatant was collected and 
pellet was also kept at -20°C to see on the SDS gel later on. 
2.1.6.1 Organic solvent extraction of FhuA ∆1-159 Ext from the membrane pellet 
To remove some of the undesired proteins the membrane pellet was treated for extraction 
of protein with an organic solvent mixture of Chloroform:Methanol in a ratio of 3:1. The 
pellet was first resuspended in 10 ml of 0.1 M phosphate buffer and 30 ml of the 
Choloroform:Methanol was added in a separation funnel. All steps were carried out under 
the hood. The mixture was shaken well and allowed to stand for the separation of the two 
phases. The lower organic phase was collected and the upper aqueous phase was 
discarded. The organic phase was washed three times with 10 ml buffer and each time the 
interphase containing the membrane was collected in a separate tube. Using rota-vapour 
system IKA® HB10 basic (IKA RV10 basic, vacuum system KF Lab, Germany) 
remaining organic solvent was evaporated and the solid material was resuspended in 5 
mL, pre-solubilization buffer (20 mM phosphate buffer pH 8, 1 mM EDTA) adding 
PMSF (final concentration 1mM) and 0.1% oPOE and incubated at 37°C for 1 hour with 
shaking at 200 rpm. The sample was centrifuged in an OPTIMATM, L-100XP, Beckman 
Coulter, ultra centrifuge California, USA, (109760 rcf, 12°C). 1000 µg of pellet was 
resuspended in 150 µl of 250 mM of Sodiumbicarbonate, with addition of 1ml   
Trifluoroethanol:Chloroform mixture (ratio 2:1 V/V). The sample was kept on ice for one 
hour with vigorous vortexing at intervals. Afterwards the sample was centrifuged for 5 
minutes (10000 rpm, 4°C), the pellet was collected and supernatant was discarded 
(Jacques et al. 2003). Pellet was again treated with Choloroform:Methanol as described 
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earlier, the resulting membrane portion was dried using the mentioned rota-vapour 
system and resuspended in pre-solubilization buffer (20 mM phosphate buffer pH 8, 1 
mM EDTA) (1 mM PMSF final conc.). After addition of 1% of the detergent n-octyl-2-
hydroxyethylsulfoxide, the sample was incubated (37°C, 200 rpm) for 1 hour and 
centrifuged for 45 minutes, OPTIMATM, L-100XP, Beckman Coulter, ultra centrifuge 
California, USA, (109760 rcf, 12°C,  12°C). Supernatant was collected and checked on 
the SDS gel. Protein concentrations were determined using the standard BCA kit (Pierce 
Chemical Co, Rockford, USA).  
N-octyl-2-Hydroxyethylsulfoxide (OES) was purchased from Bachem, Switzerland, its 
chemical formula is C10H22O2S. The chemical structure is given in figure 18. This 
detergent was previously used for the crystallization of wild type FhuA (Ferguson et al. 
1998).  
 
 
 
Figure 18: Structural formula of n-octyl-2-Hydroxyethylsulfoxide used for the solubilization of FhuA ∆1-
159 Ext.  
2.1.7 SDS-PAGE  
Samples for the SDS gel were prepared using the following protocol: Lysis buffer (4% 
SDS, 20 mM Tris-HCl, 0.2 mM EDTA, pH 8.0) was added to the samples (taken before 
induction and after expression) considering their OD578 value and mixed properly. Each 
sample was supplemented with 20 µl of lysis buffer and 5 µl of the 4X loading dye [150 
mM Tris-Cl (pH 6.8), 100 mM DTT, 6 % SDS (electrophoresis grade), 0.3 % 
bromophenol blue, 30 % glycerol)]. The samples were heated for denaturation (95°C, 5 
min, ThermoStat Plus, Eppendorf). Sonication was performed for 30 s to reduce the 
viscosity of the samples before adding the loading dye. 10 µl of each sample was loaded 
on the 10 % SDS gel, along with 5 µl of the standard protein marker (Fermentas, St. 
Leon-Rot, Germany). The SDS gel was run at 180 Volts for 80 min. The gel was stained 
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for 10 min (0.2 g R-250 Coomassie Brilliant blue, 100 ml methanol, 20 ml acetic acid, 80 
ml ddH2O) and destained (300 ml ethanol, 100 ml acetic acid, 600 ml ddH2O) for 15 
minutes. The gels were stored in storage buffer (100 ml acetic acid, 900 ml ddH2O) if 
necessary. 
2.1.8 Secondary structure prediction of FhuA variants 
Secondary structure of FhuA ∆1-159 Ext was predicted using the PSIPRED server 
(http://bioinf.cs.ucl.ac.uk/psipred/) (Jones 1999). To evaluate server performance the 
structure of FhuA ∆1-159 and FhuA wild type were used as standard reference.  
2.1.9 Circular dichroism for FhuA ∆1-159 Ext 
The sample volume for 0.5 mm Hellma® Suprasil® cuvette was 150 µl and for 0.1 mm it 
was 50 µl.  
The cuvette was carefully closed in a corresponding holder and then placed into the Olis 
17 UV/VIS/NIR, DSM CD Spectrophotometer, USA. The instrument was purged with 
nitrogen and then sample was analyzed. The recorded spectra are either in molar 
ellipticity or milli degree (mdeg). Deconvolution of the spectra was carried out by using 
programme Dichroprot software (Deléage et al. 1993), to find out the percentage of β 
strands, α helices and random coil in the secondary structure of the new FhuA variant. 
2.1.10 Properties of polymer PIB1000-PEG6000-PIB1000 
The polymer PIB1000-PEG6000-PIB1000 was provided by BASF, Germany. It is a triblock 
copolymer with hydrophobic block (PIB) on both ends and hydrophilic block (PEG) in 
the middle. The polymers polydispersity index (PDI) was measured and found to be 1.8. 
Schematic representation for vesicle formation and triblock geometry is given in figure 
19 and the chemical formula for the monomers of both blocks is given in figure 20.  
PIB1000-PEG6000-PIB1000 is industrially important for its low cost production and its 
vesicle forming ability. 
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Figure 19: Chemical formula of the two blocks PIBSA (hydrophobic) and PEG (hydrophilic) forming 
vesicles. 
  
 
                           
 
Figure 20: Schematic representation of the triblock PIB1000-PEG6000-PIB1000 forming vesicles. 
2.1.11 Molecular Dynamics PIB1000-PEG1500-PIB1000 
Atomistic Molecular Dynamics simulations on the triblock-copolymer PIB1000-PEG1500-
PIB1000 have been performed to get first clues on the PIB hydrophobic thickness. To limit 
the number of atoms in the simulation box, PEG with a MW of 1500 (34 monomers) has 
been used instead of the MW=6000 (136 monomers), while maintaining the PIB 
MW=1000 (18 monomers). The introduced approximation is not expected to affect the 
hydrophobic layer, mainly governed by the entangled PIB chains. The used UA PEG 
Force Field has been derived from the model of Sadowski: “Modeling of Aqueous 
Poly(oxyethylene) Solutions: 1. Atomistic Simulations” (Jan F et al. 2008). 
O
O
H
O
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OHH
O
n
 Polyethylene glycol (PEG) 
Polyisobutylene succinic anhydride (PIBSA) 
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While the UA PIB FF has been derived from the model of Economu: “Atomistic 
Simulation of the Sorption of Small Gas Molecules in Polyisobutylene” Georgia T et 
al. 2008).  
All the simulations were performed using version GROMACS 4.0.7 molecular dynamics 
simulation package (www.gromacs.org). For all the simulated systems a cubic box with 
periodic boundary conditions was employed and a time step of 2 fs was used for the 
equations of motions numerical integration while atomic coordinates were saved every 5 
ps. Simulations were conducted at a constant temperature of 340 K and a constant 
pressure of 1 bar. PIB1000-PEG1500-PIB1000 and water (SPC model) were independently 
coupled to a temperature bath, with a coupling constant of τT=0.1 ps by a V-rescale 
thermostat. A semi-isotropic pressure coupling was used, with a coupling constant of 
τP=1.0 ps and a compressibility of 4.5 10-5 bar-1 by a Berendsen barostat. 
Energy minimizations were performed using a steepest descent algorithm followed by 
constrained molecular dynamics. Bond distances were constrained using the LINCS 
algorithm while the van der Waals interactions were modeled using a 6–12 Lennard-
Jones potential with a cutoff at 1 nm. The electrostatic interactions were calculated by 
using the Particle Mesh Ewald algorithm (PME) with a cutoff of 1 nm for the direct space 
calculation. The reciprocal space calculation was performed using a fast Fourier 
transform algorithm. 
2.1.11.1 System assembly  
A double slab of 36+36 PIB1000-PEG1500-PIB1000 with the PIB chains partially entangled 
(50 % of the PIB extended length) was built by using a grid of 6*6 points equally 
distributed. The center of mass of each single chain was placed in one of the grid points, 
with a random rotational orientation referenced to the polymer chains latitudinal main 
axis. In fact each single polymer chain can be well represented by a “U” shape, where the 
upper terminal sides are the two PIB chains linked by a PEG chain. To understand if the 
PIB1000-PEG1500-PIB1000 chains are sufficiently relaxed to give a reliable representation of 
the system near equilibrium, the autocorrelation function time decay of the chain end-to-
end unit vector, defined as τD=u(t) · u(0)> has been calculated (T=340 K, τD=25 ns). 
Although longer simulation times would be necessary for a better PES exploration, with a 
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time decay of 25 ns and a simulation run of 50 ns after 30 ns of equilibration, the system 
can be considered quite confidently near to equilibrium.  The final box configuration with 
marked examples of three PIB and two PEG chains is shown in figure 49. 
2.1.12 Size exclusion chromatography 
Size exclusion chromatography (SEC) separates particles based on their hydrodynamic 
volume or size of the particle itself. This is commonly used for purification of proteins 
considering it as a gel filtration chromatography when an aqueous solution is used to 
transport the sample through the column. Sepharose® CL-6B (Sigma Aldrich, 10 mm 
diameter of the column; gel matrix length: 25 cm; Econo-Column Chromatography 
Column, Bio-Rad, Germany), with a bead diameter of 40-165 µm was packed into a glass 
column. All the samples and controls were passed through the column and particles were 
separated on the basis of their size. 100 mM phosphate buffer (K2HPO4 and KH2PO4, pH 
7.4) was used as running buffer.  
2.1.13 Encapsulation of HRP and insertion of FhuA ∆1-159 Ext as channel protein 
into polymersomes using PIB1000-PEG6000-PIB1000 polymer   
10 mg of polymer were dissolved in 100 µl of THF (Tetrahydrofurane). 4 µM FhuA ∆1-
159 Ext, and 22.7 µM of HRP (Horse Reddish Peroxidase) were mixed in 900 µl of 100 
mM phosphate buffer (K2HPO4 and KH2PO4, pH 7.2). Dissolved Polymer was added 
drop-wise into the mixture on a stirrer and the sample was stirred for 4 hours at room 
temperature (300 rpm). The same procedure was followed for encapsulation of HRP 
without the addition of protein; polymers without HRP and without protein, polymers 
with encapsulated HRP and 4 µM of FhuA ∆1-159 as negative controls. Size exclusion 
chromatography was performed for each sample separately on Sepharose® CL-6B 
(Sigma), with a bead diameter of 40-165 µm. All samples and controls were passed 
through the column and particles were separated on the basis of their size; fractions of 
750 µl were collected. Fractions, which were expected to contain nanocontainers/ 
polymersomes, were measured on a Malvern ZetaSizer Nano ZS in disposable PS 
cuvettes. The sample volume was around 750 µL and the equipment parameters were the 
following: scattering angle - 173 °, temp 25ºC, 5 runs per measurement, 3 measurements 
per sample, distributions calculated according to CONTIN Laser - Helium-Neon gas 
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laser, lambda 633 nm, measurement was based on backscattering phenomenon, duration 
of a single run was 120 seconds, and temperature was equilibrated for 120 seconds. 
Buffer and samples from the column containing micelles or no particles were also 
measured under the same condition. 
2.1.14 TMB assay for HRP  
3,3,5,5’-tetramethylbenzidine is the substrate for HRP and is converted readily to a first 
blue product with an absorbance maximum at 370 nm or 655 nm and then into a second 
yellow product that shows an absorbance maximum at 455 nm.  
All samples obtained from size exclusion chromatography (see above) were diluted by 
adding 50 µl of phosphate buffer pH 7.2 and 50 µl of each sample into a transparent 
Greiner bio-one (Frickenhausen, Germany) flat bottom, 96 well microtiter plate. 10 µl of 
TMB was added into each sample and immediately the change in absorbance over time 
was measured on a Spectrophotometer (Tecan Infinite® M 1000, Tecan group limited 
Mannedorf, Switzerland). The measurement was carried out at 37ºC (1 hour and 8 
seconds per cycle).  
2.1.15 Biotinylation of Lysine residues in the FhuA ∆1-159 Ext channel protein 
inserted into polymersomes  
The labeling of FhuA ∆1-159 Ext was accomplished by stirring 4 µM FhuA ∆1-159 Ext 
with 2-[Biotinamido]ethylamido)-3,3′-dithiodipropionic acid N-hydroxysuccinimide ester 
(8.2 mM) (3000 rpm, 1 h; RCT basic IKAMAG, IKA-Werke GmbH, Staufen, Germany). 
For dissolution of 2-[Biotinamido]ethylamido)-3,3′-dithiodipropionic acid N-
hydroxysuccinimide ester, 20% DMSO (Dimethylsulfoxide) solution was used. The 
structural formula of 2-[Biotinamido]ethylamido)-3,3′-dithiodipropionic acid N-
hydroxysuccinimide ester is given in figure 21. The so labeled protein was used for 
insertion into the nanocompartments encapsulating HRP. For this purpose 10 mg of the 
polymer PIB1000-PEG6000-PIB1000 dissolved in (THF) were added to the solution 
containing labeled protein. Size exclusion chromatography was performed for separation 
and purification of nanocontainers. Several controls, like HRP encapsulated 
polymersome, polymersome without HRP, HRP encapsulated polymersome with 
unlabeled protein were also prepared and purified in the same way. 
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All samples containing expected nanocontainers were measured on Malvern ZetaSizer 
Nano ZS to determine size distribution and were then used for the HRP assay. 
 
 
Figure 21: Chemical structure of 2-[biotinamido]ethylamido-3,3’-dithiodipropionic acid N-
hydroxysuccinimide ester. 
2.1.16 Approximation of the number of biotin labels  
To approximate the total number of biotin labeled amino acids in the FhuA ∆1-159 Ext 
FluoReporter ® Biotin Quantitation Assay Kit, F30751, Invitrogen, was used. The 
labeling of the FhuA ∆1-159 Ext (already described above)  was accomplished by stirring 
4 µM FhuA ∆1-159 Ext with 2-[Biotinamido]ethylamido)-3,3′-dithiodipropionic acid N-
hydroxysuccinimide ester (8.2 mM) (3000 rpm, 1 h; RCT basic IKAMAG, IKA-Werke 
GmbH, Staufen, Germany). The labeled FhuA ∆1-159 Ext was separated from the free 
biotin via Amicon® MW 10000 ultra centrifuge filter (Ireland).  The labeled protein 
sample was devided into three parts. One part of the sample was treated with 20 µl of 
DTT (dithiothretol) to break the disulfide bonds between Lys-NH and biotin label. The 
second part was digested over night with proteases (contained in the FluoReporter ® 
Biotin Quantitation Assay Kit, F30751, Invitrogen). The third part remained untreated. 
To remove the free biotin from the DTT treated sample, Amicon® MW 10000 ultra 
centrifuge filter (Ireland) was used. The free biotin contained in the flow-through was 
collected from the amicon tube. 
Using Greiner flat bottom black, 96 well microtiter plates, the fluorescence of all three 
samples was measured on Tecan Infinite® M 1000, (Tecan group limited. Mannedorf, 
Switzerland). The standard curve was obtained by using the method as given in the 
literature in the kit FluoReporter ® Biotin Quantitation Assay, F30751, Invitrogen. The 
fluorescence was measured for all samples (excitation: 485 nm and emissions: 530 nm). 
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2.2 Cloning, expression and purification of Cecropin A-EGFP chimera, EGFP 
and polymersome membrane functionalization with Cecropin A-EGFP 
Cecropin A-EGFP and EGFP were cloned into two different plasmids and were 
expressed in two different expression hosts. 
2.2.1 Bacterial strains and media used for culturing, cloning and expression of 
Cecropin A-EGFP and EGFP 
Bacterial strains used in this work are given in table III and Media used for the cell 
growth are given in table IV. 
 
Table III: Bacterial strains used for cloning and expression of Cecropin A-EGFP and EGFP 
 
Strain  Genotype Source 
 
E. coli XL10-Gold  
 
TetrD (mcrA)183 D(mcrCB-hsdSMR-mrr) 173 endA1 
supE44 thi-1 recA1 gyrA96 relA1 lac Hte [F´ proAB 
lacIqZDM15 Tn10 (Tetr) Tn5 (Kanr) Amy] 
  
 
 
Stratagene 
 
 
E. coli  BL21-
Gold(DE3) 
 
∆( ara–leu)7697 ∆lacX74 ∆phoA PvuII phoR 
araD139 ahpC galE galK rpsL F'[lac+ lacI q pro] 
(DE3) gor522::Tn10 trxB pLysS (CamR, KanR, StrR, 
TetR) 
 
 
Novagene  
E. coli XL2-Blue 
 
 
recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac 
[F´ proAB lacIqZ∆M15 Tn10 (Tetr) Amy Camr] 
 
Novagene 
 
Table IV: Media used for culturing of cells for cloning and expression of Cecropin A-EGFP and EGFP 
 
Medium Ingredients 
LB 10 g/L NaCl+5 g/L yeast extract+10 g/L peptone 
LBA same as LB, but 100 µg/mL ampicillin additionally  
TYM-505 1% tryptone, 0.5% yeast extract,  25mM Na2HPO4, 25mM KH2PO4,  
 
50mM NH4Cl,  5mM Na2SO4, 0.5% glycerol, 2.8 mM glucose, 2 mM 
MgSO4 and 0.2(10 µM  Fe+9) 
 MD-5052 25mM Na2HPO4, 25mM KH2PO4, 50mM NH4Cl, 5mM NH4Cl,  
 18.8 mM Aspartate, 54mM glycerol, 2.8mM glucose, 
 5.6 mM α-lactose, 2mM MgSO4  and 0.2(10 µM  Fe+9) 
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2.2.2 Cloning of Cecropin A-EGFP-C-His chimera 
The plasmid for expression of Cecropin A-EGFP-C-His fusion protein was constructed 
by PCR amplification using the pEGFP plasmid (Clontech Laboratories, Mountain View, 
USA) (Figure 22) as template and the oligonucleotides primer Cecropin_fwd, EGFP_rev 
respectively are shown in table III. pEGFP was linearized using BamHI. The primers 
contained the Cecropin A specific part, 10 Alanine linker and pEGFP specific part. PCR 
products were cut with NdeI and XhoI, ligated into NdeI and XhoI cut pALXtreme-3b 
vector and transformed into E. coli XL10-Gold (Stratagene, La Jolla, USA) yielding 
pALXtreme-3b-cecropin-a-EGFP-C-His (2793 bp plasmid, figure 23). The pALXtreme-
3b vector is a small sized derivative of pET-42b(+) vector (Novagen, Madison - 
Wisconsin, USA), where the lacI gene and f1 origin have been removed (unpublished 
data). Coding regions of both plasmids were verified by sequencing.        
                                   
                                                    
 
Figure 22: Plasmid map of pEGFP used as template in fusion PCR for construction of Cecropin A-EGFP 
chimera. 
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Figure 23: Plasmid map of pALXtreme-3b-Cecropin A-EGFP-C-His.   
 
Table V: Restriction sites incorporated in primers are underlined, CATATG – NdeI, CTCGAG – XhoI; 
anchor peptide sequence in bold; 10x Ala linker sequence in lower case; EGFP specific sequence in italics. 
Oligonucleotide 
primer 
Nucleotide sequence (5’ to 3’) 
Cecropin_fwd 
TACATATGAAATGGAAGTTATTTAAAAAGATAGAAAA
AGTTGGTCAGAATATTAGAGATGGTATAATCAAAGCT
GGACCAGCTGTTGCAGTAGTAGGGGGAGCAACACAA
ATTGCAAAAgctgctgcggctgctgcggctgcagctgccGTGAGCAAGGG
CGAGGAG 
EGFP_rev TGCTCGAGCTTGTACAGCTCGTCCATGCC 
 
2.2.3 Expression of pALXtreme-3b–Cecropin A- EGFP–C-His 
For protein over-expression the plasmid was transformed into the E. coli BL21-Gold 
(DE3) expression host, which is a derivative of BL21-Gold (DE3) (Stratagene, La Jolla, 
USA). The strain contains a lacI gene under control of a strong promoter. The gene has 
been permanently integrated into the chromosome to compensate for the lacking lacI on 
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the pALXtreme-3b vector (unpublished data). The BL21-Gold (DE3) lacIQ1 strain 
harboring the plasmid pALXtreme-3b-Cecropin A-EGFP-C-His was grown on TYM-505 
medium. 4 ml pre-culture was grown for 10-12 hours in a test tube (250 RPM and 37ºC). 
2 ml of the pre-culture was used as inoculum for the main culture containing 200 ml (1 L 
flask) of auto-induction medium MD-5052. The cells were harvested from the main 
culture (20 min, 3220 rcf, 4°C//Eppendorf 5810R; Hamburg, Germany) after 18 hours 
incubation at 250 RPM and 37ºC. 
2.2.4 Expression of EGFP-C-His 
Plasmid pEGFP was transformed into E. coli XL2 Blue using standard molecular biology 
techniques. The cells were grown on LB medium for 10-12 hours (4 ml pre-culture, 37º C 
and 250 RPM). The main culture 200 ml LB, (1L flask) was inoculated with pre-culture 
leading to an OD578 of 0.1. Flasks were incubated at 37ºC for 3 hours (250 RPM). When 
the OD578 reached to 0.6-0.7 the main culture was induced for expression with 1 mM 
IPTG (isopropyl β-D-1-thiogalactopyranoside). When the final OD578 reached to 2.5-3.0, 
the cells were harvested (20 min, 3220 rcf, 4°C//Eppendorf 5810R, Hamburg, Germany).  
Both cell pellets obtained from pALXtreme-3b-cecropin-a-EGFP-C-His and EGFP-C-His 
were checked under a UV-lamp to see the green fluorescence to confirm the protein 
expression. 
2.2.5 Extraction and purification of Cecropin A-EGFP and EGFP 
Bacterial protein extraction reagent B-Per (PIERCE) and 1 mM PMSF was added to the 
pellet and resuspended. Cooled on ice and with the help of a high pressure homogenizer 
(3×1500 bar//Emulsiflex-C3, Avestin Inc., Ottawa, Canada) cells were disrupted. The 
suspension of disrupted cells was then centrifuged (20 minutes, 39,700 rcf, 4°C//Avanti 
J-20XP, Beckman Coulter, Fullerton, USA). Supernatant was collected for both Cecropin 
A-EGFP and EGFP samples and the pellet was discarded. Protein purification kit, 
Protino® Ni-IDA 2000 Protino His-Tag was used for the purification of both samples. 
The column was first equilibrated by passing through washing buffer (50 mM NaH2PO4, 
300 mM NaCl, pH=8) three times. Afterwards the samples were applied to the column 
and the protein was bound to the matrix, due to the contained His-tag. Unbound protein 
was removed by passing through 2-3 column volumes of washing buffer (50 mM 
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NaH2PO4, 300 mM NaCl, pH 8) and 2-3 column volumes of a second washing buffer (50 
mM NaH2PO4, 300 mM NaCl, 5 mM imadazole, pH 8). Finally the target proteins were 
eluted by adding elution buffer (50 mM NaH2PO4, 300m M NaCl, 250 mM imadazole, 
pH8). 
2.2.6 Concentration measurement of the protein and SDS-PAGE  
Protein concentration was measured using a standard kit (BCA™ PIERCE Chemical Co, 
Rockford, USA). The protocol used for SDS-PAGE was as following: Lysis buffer (4% 
SDS, 20 mM Tris-HCl, 0.2 mM EDTA, pH 8.0) was added to the samples. To each 
sample was added 5µl of the 4X loading dye [150 mM Tris-Cl (pH 6.8), 100 mM DTT, 6 
% SDS (electrophoresis grade), 0.3 % bromophenol blue, 30 % glycerol]. The samples 
were heated for denaturation (95°C, 5 min, ThermoStat Plus, Eppendorf). 10 µl of each 
sample were loaded on the 10 % SDS gel, along with 5 µl of the standard protein marker. 
The SDS gel was run at 180 Volts for 65 min. The gel was stained for 10 min and 
destained for 15 minutes. If the destaining was not enough the gel was left in the storage 
buffer for overnight. 
2.2.7 Preparation of polymersomes from PIB1000-PEG6000-PIB1000 polymer and 
insertion of Cecropin A-EGFP 
Polymersomes/nanocontainers were formed by dissolving 10 mg of polymer 
PIB1000PEG6000PIB1000 in 100 µl of THF (Tetrahydrofuran) and then adding drop-wise 
into 900 µl of 100 mM buffer  (K2HPO4 and KH2PO4, pH 7.4) under stirring for 3-4 
hours (300 rpm, 1 h; RCT basic IKAMAG, IKA-Werke GmbH, Staufen, Germany) at 
room temperature. To validate the interaction of the Cecropin A-EGFP with 
polymersomes different controls were prepared: 
a) Polymersomes were prepared in 100 mM buffer (K2HPO4 and KH2PO4, pH 7.4) 
total volume of 900 µl, and were added by 100 µl, 0.147 µM of Cecropin A-EGFP. 
(Polymersomes/vesicles produced first and then added with Cecropin A-EGFP). 
b) To a solution containing 0.147 µM of Cecropin A-EGFP in 100 mM buffer 
(K2HPO4 and KH2PO4, pH 7.4) 10 mg of polymer dissolved in 100 µl of THF were 
added. (Polymersomes/vesicles were produced in the presence of Cecropin A-
EGFP). 
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c) Polymersomes were prepared in 100 mM buffer (K2HPO4 and KH2PO4, pH 7.4) 
total volume of 900 µl, and 100 µl of 0.147 µM of EGFP were added. 
(Polymersomes/vesicles produced first, then added with EGFP). 
d) To a solution containing 0.147 µM of EGFP in 100 mM buffer (K2HPO4 and 
KH2PO4, pH 7.4) 10 mg of polymer dissolved in 100 µl of THF were added. 
(Polymersomes/vesicles were produced in the presence of EGFP). 
e) 100 µl (0.147 µM) of Cecropin A-EGFP were transferred into 900 µl buffer 
(K2HPO4 and KH2PO4, pH 7.4). 
f) 100 µl (0.147 µM) of EGFP transferred into 900 µl buffer (K2HPO4 and KH2PO4, 
pH 7.4). 
All samples were stirred for 3-4 hours (300 rpm, RCT basic IKAMAG, IKA-Werke 
GmbH, Staufen, Germany). In case of polymers added, the solution was whitish in colour 
after stirring.  
Size exclusion chromatography was carried out as mentioned under (2.1.14) and a total of 
45 sample fractions was collected for each sample loaded onto the column. 100 µl of each 
sample were used for fluorescence measurement in Greiner black flat bottom plates 
(excitation wave length: 488 nm, emission wave length: 509 nm), using the Tecan 
Infinite® M 1000 spectrophotometer (Tecan group limited, Mannedorf, Switzerland).  
2.2.8 DLS (dynamic light scattering)  
Dynamic light scattering or PCS (Photon correlation spectroscopy) measures Brownian 
motion and relates this to the size of the particles. It does this by illuminating the particles 
with a laser and analyzing the intensity fluctuations in the scattered light.  
In DLS fluctuation, light scattering intensity is measured which is then used to calculate 
the size of particles within the sample. The instrument used for this purpose is called 
Zetasizer.  
The sample fractions from the column were measured using the Malvern ZetaSizer Nano 
ZS with disposable PS cuvettes and a sample volume around 750 µL. Instrument 
parameters were as follows:  Scattering angle - 173 °, temperature 25ºC, 5 runs per 
measurement, 3 measurements for a sample, distributions calculated according to 
CONTIN Laser - Helium-Neon gas laser, lambda 633 nm, measurement was based on 
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backscattering phenomenon, duration of a single run was 120 seconds and temperature 
was equilibrated for 120 seconds. Samples from the column containing micelles or no 
particles were also measured under the same conditions. 
2.2.9 Tryptophane fluorescence emission shift assay 
The fluorescence emission shift assay was performed for the amino acid tryptophane.   
Tryptophane shows an excitation maximum at 280 nm and an emission peak ranging 
from 300 to 370 nm depending on the polarity of the local environment. 
In general, the quantum yield of tryptophane fluorescence increases in intensity when 
tryptophane is exposed to a hydrophobic environment and decreases when it is exposed 
to an aqueous medium (Cowgill et al. 1993). A blue shift of the emitted light often 
accompanies quantum yield changes (Lakowicz et al. 1988).  
100 µl the peptide Cecropin A (50 µM) (Sigma Aldrich, Germany) was added to already 
formed solution of polymersomes (total volume 1000 µl) as described above and stirred 
for 4 hours. Furthermore 100 µl of 50 µM, peptide Cecropin A were added to 900 µl of 
phosphate buffer 100 mM (K2HPO4 and KH2PO4, pH 7.4) and stirred for 4 h under the 
same conditions.  
100 µl of each sample were used for fluorescence scan in Greiner black flat bottom plates 
(excitation wave length: 295 nm, emission wave length: 330-400 nm) in a Tecan 
Infinite® M 1000 spectrophotometer (Tecan group limited. Mannedorf, Switzerland). 
The aim of this experiment was to see the blue shift of the tryptophane fluorescence in 
two different local environments. 
2.2.10 Circular dichroism (CD) measurement 
Circular Dichroism (CD) spectroscopy was used to follow the Cecropin A peptide folding 
and unfolding in a potassium phosphate buffer 100 mM (K2HPO4 and KH2PO4, pH 7.4) 
in presence and absence of polymers (1.6 mM; 10 mg/ml). Cecropin A was diluted in 
potassium phosphate buffer 100 mM, (K2HPO4 and KH2PO4, pH 7.4) to a final 
concentration of 50 µM. All CD-spectra were recorded on a Jasco 810 spectrophotometer 
(190-250 nm; quartz cuvette; 0.5 mm path length).  
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2.2.11 EGFP denaturation and renaturation 
To ensure that EGFP can be renatured to its active form, a protocol published previously 
was followed (Malik et al. 2005). A fresh working solution of EGFP was prepared (0.11 
mg/ml in 10 mM Tris–HCl, pH 7.5) and was diluted to reach concentrations of 0–55 µg 
EGFP in a total volume of 500 µl. 0.1 volumes of 1M citric acid (pH 2.0) were added and 
the sample was incubated at 20 °C for 10 min. Renaturation of EGFP was achieved by 
adding 400 µl of 1 M Tris–HCl buffer (pH 8.5). The final pH of the solution was 8. 
Fluorescence of renatured EGFP was determined using a Greiner black flat bottom plates 
(excitation wave length: 488 nm, emission wave length: 509 nm) and the Tecan Infinite® 
M 1000 spectrophotometer (Tecan group limited. Mannedorf, Switzerland). Untreated 
EGFP was used as a control. 
2.2.12 Cecropin A-EGFP denaturation and pepsin digestion on the polymersome   
surface 
For proteolysis analysis of the decorating EGFP three samples were prepared. 
 0.147 µM Cecropin A-EGFP added to the polymersome solution (10 mg 
polymer/ml preformed vesicles) 
 Polymersome (10 mg polymer/ml) were formed in a solution containing 0.147 
µM Cecropin A-EGFP already (encapsulation and insertion of Cecropin A-
EGFP). 
 EGFP was encapsulated in the polymersome (10 mg polymer/ml). 
 
Size exclusion chromatography was performed for all the three samples and the fractions 
were collected. Fractions expected to contain polymersome were measured on DLS and 
fluorescence was measured using spectrophotometer, Tecan Infinite® M 1000 for 
confirmation. Standard proteolysis assay with pepsin was performed for Cecropin A-
EGFP and polymersome (both preformed and forming vesicles) and was carried out as 
following: 
50 µl of pepsin (Sigma Aldrich) dissolved in 100 mM citric acid (pH 2) were added to 
550 µl of Cecropin A-EGFP and polymersome sample. Both samples (Cecropin A-EGFP 
addition to formed vesicles and vesicles formation in the presence of Cecropin A-EGFP) 
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were treated in the same way. As a control in both cases one sample was treated with low 
pH (denaturation) and then renatured but not treated with the enzyme pepsin. After 
adding enzyme the reaction was incubated at 20ºC for 10 min and the fluorescence was 
monitored as mentioned above. For renaturation of the [EGFP 400 µl 1M Tris HCl, pH 
(8.5)] was added to all the samples. The reaction was once again carried out at 20ºC and 
for 30 minutes. Fluorescence was measured as mentioned above. 
2.2.13 Calcein leakage experiment 
Polymersomes were formed in 50 mM calcein solution, prepared in phosphate buffer 
(K2HPO4 and KH2PO4, pH 7.4). Calcein is self-quenched completely at a concentration 
of 50 mM. Excess calcein was removed using Amicon centrifugal YM filter tubes [10 
kDa cut-off; Millipore Bedford, MA 01730 USA; (2500 rcf, 10 min, 5415D, Eppendorf 
centrifuge, Germany)] repeatedly washed with phosphate buffer 100 mM (K2HPO4 and 
KH2PO4, pH 7.4) until there was no more calcein present in the flow-through. The 
purified polymersomes were stored (24 h; RT; 100 mM phosphate buffer; pH 7.4). The 
fluorescence was checked after 24 hours using Greiner black flat bottom plates 
(excitation wave length: 495 nm, emission wave length: 515 nm).  
A similar experiment was conducted in presence of the Cecropin A-EGFP to investigate 
whether Cecropin A-EGFP can cause leakage after insertion. The sample was also kept 
for 24 hours RT and fluorescence was measured as described. 
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Chapter III-Results 
3.1 Rational design of FhuA ∆1-159 Ext  
Rational design is an approach in which the scientist uses detailed knowledge of the 
structure and function of the protein to introduce desired changes. This approach brings 
the advantage of being generally inexpensive and easy since site-directed mutagenesis 
techniques are well-developed. Therefore a rational approach was chosen to design FhuA 
∆1-159 Extended variant. The aim was to increase the protein’s length by inserting amino 
acids to the FhuA ∆1-159 hydrophobic region by “copy and pasting” the 5 amino acids 
present at the end of each of the 22 β-sheets and thus maintaining the amino acid 
sequence with already known folding behavior. In figure 24 the primary sequence of the 
FhuA ∆1-159 Ext is shown. Amino acids under lined in red represent the ends of the β-
sheets towards the periplasmic side, showing a more ordered and flat structure. For all 22 
β-sheets these five amino acids were to be “duplicated”, including the COO- and NH3+ 
terminals. The inclusion of five amino acids within the β-sheet conformation will 
increase the total length of the protein by nearly 1 nm. For example the sequence DFSDS 
(red) with the anti-parallel opposite β-sheet sequence SYRLT (red) connected by H-
bonds and a shared β-turn represented by the sequence LDDDGVY (underlined). 
The added sequence will result in SYRLT-SYRLT-LDDDGVY-DFSDS-DFSDS. This 
process will be applied to all the 11 β-sheet couples present within FhuA ∆1-159. Folding 
and stability of the β-barrel system was expected to be similar to the normal FhuA ∆1-
159. The PDB viewer image of the FhuA ∆1-159 Ext is given in figure 25, together with 
PIB1000-PEG6000-PIB1000 structure model derived from simulation. FhuA ∆1-159 is shown 
in comparison. 
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Figure 24: Amino acid sequence of FhuA ∆1-159 Ext, the red marked amino acids are the duplicated ones 
in this new variant of FhuA. 
Purpose of the extended FhuA ∆1-159 variant was to be functionally inserted into 
PIB1000-PEG6000-PIB1000 triblock copolymer membranes, since this polymer is quite cheap 
and easily assembles into vesicles, as compared to PMOXA-PDMS-PMOXA. With the 
same number of hydrophobic block units like PMOXA-PDMS-PMOXA, PIB1000-
PEG6000-PIB1000 forms thicker membranes and thus high hydrophobic mismatch 
expected.  
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Figure 25: Schematic representation of FhuA ∆1-159 Ext (top) and FhuA ∆1-159 (bottom) within triblock 
copolymer PIB1000-PEG1500-PIB1000 membranes. Membrane structure was obtained by Molecular Dynamics 
simulation. Graphical representations were obtained by VMD (Visual Molecular Dynamics program ver. 
1.6, http://www.ks.uiuc.edu/Re 
3.2 Cloning expression and purification of FhuA ∆1-159 Ext and its reconstitution in 
polymeric membranes 
3.2.1 Cloning  
The gene for fhuA ∆1-159 Ext was cloned into the vector pET 22b (+). Empty pET 22b 
(+) vector and pET 22b (+) with fhuA ∆1-159 Ext were digested with the restriction 
enzymes NdeI and XhoI. Digested samples were analyzed on agarose gel. The result is 
shown in figure 26. The size of the second band in lane 2, relates to the size of fhuA ∆1-
159 Ext (2121 bp). The integrity of the fhuA ∆1-159 Ext was confirmed by DNA 
sequencing (MWG, Biotech Germany). 
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                                                       1    2            3 
                                                        
Figure 26: 0.8 % agarose gel electrophoresis, lane 1: pET22b+ empty vector, digested with NdeI and XhoI, 
lane 2:  pET22b+ fhuA ∆1-159 Ext digested with NdeI and XhoI lane 3: DNA ladder. 
3.2.2 SDS-PAGE results for expression, extraction and purification of FhuA ∆1-159 
Ext 
FhuA ∆1-159 Ext was expressed as described and samples (before and after induction) 
were checked on the SDS gel. Figure 28 shows the result of FhuA ∆1-159 Ext expression 
before and after induction of the bacterial culture. The expressed protein was to be 
extracted from the membranes. After the first normal extraction using 3 % oPOE as 
detergent for solubilization of the target protein, no FhuA ∆1-159 Ext band was apparent 
(Figure 27). The membrane pellet from the first extraction was subjected to organic 
solvent extraction with chloroform/methanol and trifluoroethanol/chloroform and the 
protein was solubilised using 0.5 % of the detergent OES. Pure FhuA ∆1-159 Ext was 
obtained (Figure 29).                            
                                                        1     2         3           4  
                                                
Figure 27: SDS acrylamide gel, lane 1, protein marker, lane 2, cell pellet before expression, lane 3 and 4, 
cell pellet after expression. 
70kDa 
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                                                                  1         2         3 
                                                             
 
Figure 28: Purification of FhuA ∆1-159 Ext using oPOE as a detergent. SDS acrylamide gel, lane 1, 
membrane pellet, lane 2, protein marker, lane 3, supernatant (expected purified protein). 
                                                        
                                                                         
 
                                                             
 
 
                                                                 1            2 
                                             
 
Figure 29: Purification of FhuA ∆1-159 Ext after organic solvent treatment using OES as detergent for 
solubilization of protein, lane 1, pure protein, and lane 2, protein marker. 
66kDa 
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The concentration of the pure protein was 200-250 µg/ml as determined by using the 
BCA kit (Pierce Chemical Co, Rockford, USA) for measurement of the protein 
concentration. 
3.2.3 Secondary structure prediction  
The secondary/tertiary structure analysis of the FhuA ∆1-159 Ext answers whether the 
engineering strategy to elongate the hydrophobic portion of the protein leads to a 
correctly folded β-sheet structure important for the channel functionality. A “copy-paste” 
strategy to double the last 5 amino acids of each of the 22 β-sheets prior to the more 
regular periplasmatic β-turns has been developed, with the pasted 5 amino acids expected 
to contain the same folding information of the copied ones. This hypothesis is based on 
the observation that the original FhuA ∆1-159 is able to independently refold after 
thermal denaturation (data not published), showing that folding information is fully 
contained into the primary sequence. The percentages of secondary structure elements as 
predicted by using the PSIPRED server are summarized in Table VI. 
A detailed view of the server results is given in (Figure 30) for FhuA ∆1-159 Ext. The 
PSIPRED server (http://bioinf.cs.ucl.ac.uk/psipred/) was used to predict secondary 
structure of analyzed FhuA variants. Detailed view of the server results for FhuA WT and 
FhuA ∆1-159 are given in appendix (III) and (IV). 
 
Table VI: Predicted percentages occurrence of each secondary structure element in FhuA variants. 
Predicted Secondary Structure 
Protein α-helix (%) β-sheet (%) random coil (%) 
FhuA WT 3.3 46.1 50.6 
FhuA ∆1-159 1.6 65.4 33.0 
FhuA ∆1-159 Ext 5.1 59.2 35.6 
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Figure 30: FhuA ∆1-159 Ext secondary structure prediction result by PSIPRED server 
(http://bioinf.cs.ucl.ac.uk/psipred/). 
3.2.4 Circular dichroism (CD) for FhuA ∆1-159 Ext for checking stability of the 
protein 
Figure 31 represents the CD spectrum analysis of FhuA ∆1-159 Ext. The stability of the 
protein into β barrel is essential for functional incorporation into polymersomes. All 
measurements were performed with the FhuA ∆1-159 Ext variant solubilised in presence 
of phosphate buffer (100 mM, pH = 7.4) and OES detergent. CD signal from the 
polymersome fraction with the embedded protein was not detected, due to the extremely 
low concentration and strong scattering due to the polymer vesicles. 
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Figure 31:  CD spectrum of FhuA ∆1-159 Ext in 1mM potassium phosphate buffer containing 0.5% OES. 
3.2.5 Deconvolution for FhuA ∆1-159 Ext unlabelled protein  
The deconvolution of CD data was carried out by using the CONTIN algorithm 
(Provencher et al. 1982), implemented in the Dichroprot software (Deléage et al. 1993). 
Figure 32, shows the results obtained by deconvolution for FhuA ∆1-159 Ext unlabelled 
protein and the secondary structures obtained are given in table VII. 
 
 
Table VII: Secondary structures obtained from deconvolution of CD spectrum from FhuA ∆1-159 Ext 
unlabelled  
Secondary structure β-sheets α-helix Random coil 
%age occurance 75 20 5 
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Figure 32: CD spectrum of FhuA ∆1-159 Ext in 1mM potassium phosphate buffer containing 0.5% OES 
(grey squares) and plot of data fit carried out with CONTIN algorithm using the program Dichroprot (black 
crosses). 
 
3.2.5.1 DLS in phosphate buffer 
Quasielastic light scattering with a laser particle sizer (Malvern Z-sizer Nano ZS, 
Malvern, UK) was used to determine the size distribution profile of the polymersomes in 
solution. The laser pinhole (Helium-Neon gas, λ = 633 nm) has a 100 µm diameter with a 
cell width of 1 cm (disposable PS cuvettes) based on a sample volume of 750 µL. The 
scattering angle was set at 173° and determined at a running T = 25 °C, equilibrated for 
120 sec. 3 measurements for each sample were conducted and for each single 
measurement 5 runs were performed. Each single run was accumulated for 120 sec. 
Solutions were measured without filtration and distributions calculated according to the 
CONTIN algorithm. 
In the polymersome diameter distribution a shift toward ~255 nm vesicles was observed 
(Figure 33) as compared to the ~458 nm of the prepared polymersome (Figure 34) before 
passing through the column. Measurement was performed for polymersomes purified 
through the size exclusion chromatography (SEC) and without SEC. After column 
chromatography the fractions selected were 5, 6 and 7 (vesicles) after fraction 10 there 
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were only micelles expected (Figure 35). After fraction 14 no particles of considerable 
size were observed. 
 
 
Figure 33: Size distribution of Polymersomes (PIB1000-PEG6000-PIB1000) prepared in phosphate buffer (100 
mM; pH 7.4) before size exclusion chromatography. Right plot correlation coefficient decay (Maximum at 458 
nm). DLS measurement was performed in the DWI, RWTH, Aachen, Germany. 
 
 
Figure 34: Size distribution of Polymersomes (PIB1000-PEG6000-PIB1000) fraction 5-6 that were purified 
through size exclusion chromatography. Right plot correlation coefficient decay (Maximum at 255 nm). 
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Figure 35: Size distribution of Polymersomes (PIB1000-PEG6000-PIB1000) fraction 10 that were purified 
through size exclusion chromatography. Right plot correlation coefficient decay (Maximum at 32 nm and 255 
nm. It should be underlined that the intensity is proportional to r6 so the contribution of the vesicles is 
predominant in the intensity but lower in population compared to the micelles). 
3.2.5.2 DLS in water  
Under the same condition as described above we reproduced the DLS measurement in 
water. Polymersomes were produced in water, this time three samples were used for 
measurement of the particle size: 
1) Polymersomes produced in water (100 µl of polymer dissolved in THF + 900 µl of 
miliQ water) 
2) Polymersome and FhuA ∆1-159 Ext in water (100 µl of polymer dissolved in THF + 
200 ul of FhuA ∆1-159 Ext in 3% detergent solution+700 µl of miliQ water) 
3) Polymersome and detergent in water (100 µl of polymer dissolved in THF + 200 µl of 
3% detergent solution + 700 µl of miliQ water) 
All the three samples were purified as described in section 3.1.6.1 and the fractions were 
measured on (Malvern Z-sizer Nano ZS, Malvern, UK). Figure 36 represents the size and 
the respective intensity of the particles we obtained from the measurement. Average 
particle size for the polymersome purified without protein was 362.25±0.25 and for the 
polymersomes with protein inserted it was 278.6±0.1. 
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Figure 36: Polymersome with protein inserted show a clear and small shift in diameter towards lower size. 
3.2.6 TEM (transmission electron microscopy images of the PIB1000-PEG6000-PIB1000 
polymersome  
Transmission electron microscopy (TEM) is a microscopy technique where a beam of 
electrons is transmitted through an ultra thin specimen. This beam of electrons interacts 
with the specimen as it passes through.  An image is formed from the interaction of the 
electrons transmitted through the specimen; the image is magnified and focused onto an 
imaging device, such as a fluorescent screen, on a layer of photographic film, or to be 
detected by a sensor such as a CCD camera. The thin layer of PIB1000-PEG6000-PIB1000 
polymersome was also subjected to TEM (transmission electron microscopy) and the 
image of the polymersomes is given in the figure 37. Transmission Electron Microscopy 
(TEM) was carried out to check the polymersomes integrity and average radii.  
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Figure 37: TEM pictures of PIB1000-PEG6000-PIB1000 polymersomes. A diameter of ~400 nm is shown with 
a thick double layer ~40 nm (PIB1000 ~ n= 18 monomers, PEG6000 ~ n= 136 monomers) mainly expected to 
be PEG. 
3.2.7 HRP assay for reconstitution of FhuA ∆1-159 Ext in polymer vesicles 
The HRP/TMB detection system is based on a two step consecutive oxidative reaction 
A→B→C (A = TMB; B and C = first and second TMB oxidation products), catalyzed by 
HRP in presence of hydrogen peroxide. Each single step is a pseudo-second order rate 
reaction with a reported second order rate constant (myeloperoxidases) (Marquez et al. 
1997) of kA→B = 3.6*106 M-1 s-1 and kB→C = 9.4*105 M-1 s-1. The second product 
produced is unstable in the absence of acidic environment, so the first product was used 
as a reporter. Addition of 1.5 M sulfuric acid makes the second product stable and its 
maximum absorbance is at 455 nm. 
In figure 38 the sequential reactions of HRP upon TMB substrate are given: 
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Figure 38: Conversion of TMB by HRP, the first product gives maximum absorbance at 370 nm and the 
second product gives maximum absorbance at 455 nm. 
 
The results were reproducible based on three data sets for each measurement. 
HRP encapsulated PIB1000-PEG6000-PIB1000 polymersomes were purified after 
reconstitution of FhuA ∆1-159 Ext. The samples subjected for the measurement of  HRP 
kinetics were selected on the basis of their average vesicle size (250 nm to 300 nm) as 
measured by Malvern Z-sizer Nano ZS (Malvern, UK).  
Figure 39 shows the absorbance kinetics for the conversion reaction upon TMB 
(substrate) addition, for HRP encapsulated polymersomes, polymersomes without HRP 
and HRP encapsulated polymersome with reconstituted FhuA ∆1-159 Ext.  
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1 21 41 61 81 101 121 141 161 181 201 221 241
time (sec)
A
bs
.
 
37
0n
m
 
 
Figure 39: Reconstitution of FhuA ∆1-159 Ext in polymersome. Absorbance kinetics measured for the 1st 
product formation of TMB conversion by HRP for polymersome (pink), polymersomes with encapsulated 
HRP (turquoise) and polymersomes with HRP and FhuA ∆1-159 Ext (blue). 
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From figure 40, it is clear that for the sample of polymersome loaded with HRP, and 
FhuA ∆1-159 Ext inserted, the absorbance kinetics during time (t) is much higher as 
compared to the free polymersomes, and HRP encapsulated polymersomes. To see the 
functionality of the channel of the protein, the channel was blocked with 2-
[Biotinamido]ethylamido)-3,3′-dithiodipropionic acid N-hydroxysuccinimide (structural 
formula is given in figure 18). Figure 40 shows the effect of channel blocking. Also here 
the samples were selected on the basis of their average vesicle size (250 nm to 300 nm) 
as measured by Z-sizer Nano ZS (Malvern, UK). 
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Figure 40: Results of TMB conversion kinetics – HRP loaded polymersome (triangles), HRP loaded 
polymersome + OES detergent (grey diamonds), HRP loaded polymersome + FhuA ∆1-159 (black minus), 
HRP loaded polymersome + unblocked FhuA ∆1-159 Ext (squares), HRP loaded polymersome + blocked 
FhuA ∆1-159 Ext (grey cycles), free HRP (black diamonds).    
 
In figure 40 we can see that HRP loaded polymersomes and HRP loaded polymersome 
with addition of detergent (OES), show no absorbance kinetics in time (t). HRP loaded 
polymersomes with FhuA ∆1-159 Ext blocked show some absorbance but HRP loaded 
polymersome with FhuA ∆1-159 Ext unblocked show higher absorbance kinetics in time 
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(t). Due to the second product formation the absorbance does not drop to zero, as the 
second product can also absorb at the wavelength range of 370 nm (see Figure 44). 
3.2.8 Speed of reaction as calculated for HRP 
Time derivative of the absorbance was used to calculate the TMB conversion by the 
Lambert-Beer law (Figure 41). According to Lambert-Beer law, the empirical 
relationship that relates the absorption of light to the properties of the material through 
which the light is travelling:  
 
A=εcL 
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Figure 41:  A linear regression using “least square” method was performed to find the best linear section in 
the steepest region (short-straight lines) for HRP loaded polymersome (triangles), HRP loaded 
polymersome + OES detergent (grey diamonds), HRP loaded polymersome + FhuA ∆1-159 (black minus), 
HRP loaded polymersome + unblocked FhuA ∆1-159 Ext (squares), HRP loaded polymersome + blocked 
FhuA ∆1-159 Ext (grey cycles), Free HRP (black diamonds).    
 
A is the light absorbance, ε is the molar extinction coefficient of the substance, c is the 
molar concentration of the substance and L is the distance that the light travels through, 
the difference in absorbance over time is directly correlated to the difference in 
  Chapter III-Results 
  
 
62 
concentration of TMB substrate. Therefore the slope determined from the linear regions 
of obtained kinetic graphs can be used as a measure for the reaction speed (Table VIII). 
Because the extinction coefficient of the first TMB oxidation product at 370 nm is 
unknown, the actual conversion rate (nm/sec) could not be determined.  
 
Table VIII: Speed of reaction catalyzed by HRP encapsulated polymersome for controls, labelled and 
unlabelled FhuA ∆1-159 Ext. 
 
TMB Conversion Speed 
Sample TMB conversion rate (∆A370/sec) 
Polymers +HRP 6 x 10-5 
Polymers +HRP + OES 5 x 10-5 
Polymers + HRP + FhuA ∆1-159 2 x 10-5 
Polymers + HRP + FhuA ∆1-159 Ext 0.017 
Polymers+ HRP + FhuA ∆1-159 Ext (labelled) 0.0035 
       
3.2.8.1 Consecutive reaction analysis 
A two step irreversible consecutive reaction can be modeled by the chemical equation: 
        
CBA kk →→ 21
 
 
with rate constants k1 and k2. 
The rate equations are: 
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Integration of the differential equations with k1≠ k2 gives:               
                    (2)       
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From literature (Marquez et al. 1997) the relation between the kinetic constants is 
k1≈>5k2. 
 
Inserting a reference starting concentration of 1 [M], with k1 = 0,1 and k2=0,02 within 
system (2), the variation in time of A, B and C is shown in figure 42. 
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Figure 42:  Concentration vs. time in a irreversible consecutive reaction CBA kk →→ 21 . The B+C 
line reports the trend of the absorbance with C370 nm = 0,1 B370 nm (εB is unknown). 
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Because of the overlap in the adsorption band between the intermediate B and final 
product C (Figure 43), the measured absorbance (370 nm) is related to the change of the 
total concentration of [B] + [C] and the reaction speed, calculated in the HRP assay is:  
     
[ ] [ ]{ }
dt
CBd +
 
Guessing an absorbance relation of C370 nm = 0,1 B370 nm (εB and εC are unknown), as 
reported in legend (Figure 42)  (turquoise points), we can reproduce the observed trend 
found in the absorbance experimental data (Figure 40).
 
 
3.2.9 Absorption scans for 2nd TMB product 
An absorption scan was performed for the second product of TMB (300 nm to 400 nm) 
using flat bottom Greiner microtitre plates (Figure 44). The second product also absorbs 
at 370 nm and the absorbance value is almost 0.25. In figure 41 we should expect a 
straight line after the first reaction is completed and the substrate is consumed completely 
but it does not happen due to the second product formation that also show some 
absorption at the same wave length.  
 
 
 
 
 
 
 
 
 
 
 
 
    Figure 43: Absorption scan spectra for the second product of TMB. 
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In figure 44 we can see that maximum absorption is at 450 nm to 455 nm but also 
absorption at 370 nm which is the characteristic of the first product as shown in figure 41. 
3.2.10 Estimation of the number of Lysine residues labeled 
Considering that FhuA ∆1-159 Ext contains a total of 29 Lys, the expected concentration 
of biotin used to label these residues can be calculated as follows: 
 
Protein concentration:            200 mg/ L 
Protein molecular weight:          74600g/Mol 
Calculated molarity of FhuA ∆1-159 Ext:                                                           2.7µM 
       
Calculated molar concentration of FhuA ∆1-159 Ext  
(100 µl of 1:2 diluted sample):                                                                             135 pmol   
 
 
Expected biotin concentration in case all 29 Lys are labelled:       3915 pmol 
 
Prior to the determination of biotin amount, the labelled FhuA ∆1-159 Ext was digested 
by proteases to reveal all biotin moieties. The relative fluorescence of the 1:100 diluted 
sample was 1495 corresponding to a concentration of ~3900 pmol (see calibration curve 
and related equation in figure 44 and VMD model of FhuA ∆1-159 Ext lysine labelled 
top and side view in figure 45 respectively). 
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Figure 44: Biotin assay calibration curve obtained by using FluoReporter® Biotin Quantitation Assay Kit, 
F30751, Invitrogen. 
 
 
 
 
Figure 45: Ribbon model of FhuA ∆1-159 Ext (side and top view), Lys residues are shown in ball 
representation; side view: O – outer part, M – inter-membrane part, P – periplamatic part; to view: only Lys 
within the channel (4) are shown; Lys 461 corresponds to Lys 556 in FhuA ∆1-159. 
Structural formula for 2-biotinamido]-3,3’-dithiodipropionic acid N-hydroxysuccinimide 
ester used in this experiment is given in figure 24. 
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3.2.11 Circular dichroism (CD) for labelled FhuA ∆1-159 Ext for checking stability 
of the protein 
To see the effect of biotinylation upon the structural stability of FhuA ∆1-159 Ext CD 
spectrum was recorded and is shown in figure 46.  
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Figure 46: CD spectrum of biotinylated FhuA ∆1-159 Ext in 1mM potassium phosphate buffer containing 
0.5% OES. 
From the CD measurement of biotinylated sample we obtained a shift in minima from 
218 nm to 222 nm in the spectrum here.   
3.2.11.1 Deconvolution for labelled protein  
To check the stability of FhuA ∆1-159 Ext after biotinylation, further CD measurements 
have been performed and deconvolution lead to a 0 % α-helix, 58 % β-sheet and 42 % 
random coil content (Figure 47).  
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Figure 47: CD spectrum of biotinylated FhuA ∆1-159 Ext in 1 mM potassium phosphate buffer containing 
0.5% OES (grey squares) and plot of data fit carried out with CONTIN algorithm using the program 
Dichroprot (black crosses). 
3.2.12 PIB-PEG-PIB system assembly 
The results for section 2.1.12.1 are shown in figure 48. The figure shows two PEG chains 
in their characteristic “U” conformation and the hydrophobic PIB chains in their extended 
and globular conformations respectively. The thickness of the hydrophobic block PIB is 5 
nm. 
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Figure 48: 50 ns final box configuration showing 2 PEG chains in their characteristic “U” conformation 
(VdW representation, upper chains with red oxygen atoms) and the embedded PIB chains in their extended 
and globular conformations (VdW, lower chains). The hydrophobic PIB thickness is ~5 nm. 
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3.3 Cloning, expression and purification of Cecropin A-EGFP and EGFP and 
insertion of Cecropin A-EGFP in polymeric membranes 
3.3.1 The chimera system for polymersome surface decoration and proof of concept 
for targeted delievery  
To characterize the insertion of Cecropin A into polymer vesicles, EGFP (Enhanced 
Green Fluorescent Protein) was genetically attached to the peptide separated by a 10-Ala 
residues linker (Figure 19, left panel). The linker has two advantages: it avoids folding 
problems of the chimera at the border between the peptides N-terminal and the EGFP and 
the linker has a well known α helical folding behavior in water and shows hydrophobic 
interaction with lipidic membranes (Vila et al. 1992). The right panel of figure 49 shows 
a schematic representation of the Cecropin A-EGFP chimera immobilized on the surface 
of a polymer based nanocompartment.  
 
 
Figure 49: Left panel – Illustration of the anchor-fusion protein Cecropin A-EGFP consisting of EGFP 
(yellow), a 10 Ala spacer (grey) and Cecropin A (violet). Cecropin A in aqueous solution is folded only 
partially (α-helixes). Fusion protein sketch is generated using Accelerys DS Visualizer 2.0 of a MD 
snapshot in water after 1 ns. Right panel – schematic representation of Cecropin A-EGFP functionalizing 
polymersome surface. 
 
  Chapter III-Results 
  
 
71 
3.3.2 Cloning of Cecropin A-EGFP 
For construction of a gene having Cecropin A-EGFP, template used was pEGFP and 
fusion PCR was performed (as described in the materials and methods section). 
Schematic representation of pEGFP is given in figure 25. The resulting PCR product was 
run on 1X SB agarose gel (10 mM NaOH pH adjusted to 8 with boric acid) (Figure 50). 
 
 
 
Figure 50: SB agarose gel electrophoresis of amplified product from the fusion PCR (left) schematic 
representation of the amplified product from the fusion PCR (right). 
 
The amplified product was gel extracted, purified and sub-cloned into pALXtreme-3b. 
The plasmid was transformed into E. coli DH5α and (20-50) clones were obtained. The 
promising clones were digested with XhoI and NdeI and run on 0.8 % agarose gel (Figure 
51).  
                                                  
                                                
Figure 51: XhoI and NdeI digested pALXtreme-3b-cecropin-a-C-His plasmid. 
pALXtreme-3b 
Cecropin A-EGFP-C-His 
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Plasmid pALXtreme-3b-Cecropin A-EGFP-C-His was sent for sequencing using primers 
for the T7 promoter, sequencing was carried out by Eurofins MWG, Biotech Germany. 
The result is shown in figure 52.  
 
 
 
Figure 52: Sequencing result for Cecropin A-EGFP-C-His using T7 promoter. 
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3.3.3 Expression and purification for Cecropin A-EGFP and EGFP 
Both Cecropin A-EGFP and EGFP were expressed in E. coli BL21-Gold (DE3) and E. 
coli XL10-Gold respectively. Figure 53 shows the expression of EGFP and Cecropin A-
EGFP on SDS gel. Cecropin A-EGFP fluorescence can be seen under UV-lamp when it 
is bound to His-tag column (Figure 54), after this confirmation of binding, further elution 
steps may be carried out. 
                                                               
                                                        
 
Figure 53: SDS gel, Cecropin A-EGFP (34 kDa) purified on His-tag column (on the left) and EGFP 
purified on the His-tag column (on the right). 
 
 
 
 
 
 
 
 
 
 
 
Figure 54: Cecropin A-EGFP fluorescence under UV- lamp. 
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3.3.4 Size exclusion chromatography (SEC) and fluorescence spectrophotmetric 
analysis 
The elution fractions from (SEC) for all samples were examined spectrophotometrically, 
(Tecan Infinite® M 1000, Tecan group limited. Mannedorf, Switzerland) using Greiner 
black flat bottom microtiter plates (excitation wave length: 488 nm, emission wave 
length: 509 nm). Size exclusion chromatography was performed to separate 
decorated/non-decorated polymersomes from free Cecropin A, EGFP, EGFP and 
Cecropin A. Figure 55 shows fluorescence results vs. elution volume.  
 
                                   
 
Figure 55: Chimera a) and EGFP (b) relative fluorescence intensities versus column fractions. Lime (free 
proteins), blue (proteins addition after vesicle formations), turquoise (proteins addition during vesicle 
formation). Dimension and presence of the vesicle/micelles (<60 nm) detected by DLS are reported in the 
DLS results.   
 
The sample fractions from the first peak (polymersome and Cecropin A-EGFP) were 
passed through the column for the second time to see the binding/insertion affinity of 
Cecropin A on to the polymersome surface (Figure 56). 
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Figure 56: SEC (Size exclusion chromatography) was performed for samples coming from the first peak 
(Cecropin A-EGFP added to preformed vesicles). 
3.3.5 Size measurement of polymersome 
The Malvern Zeta Sizer Nano ZS was used to measure the polymersome size. All 
fractions collected from the column were measured. As shown in figure 57 the maximum 
size was observed in the first peak of fluorescence from (figure 56) then micelles (Figure 
58) and in the second peak of fluorescence no big sized particles were observed.  
 
 
 
Figure 57: DLS analysis from the first peak of the florescence: Fraction No. 7 from the  
column (Size exclusion chromatography).  
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Figure 58: DLS analysis from fraction No. 10, of the column, where micelles are expected to elute. After 
fraction 14 no sized particle were observed. 
3.3.6 Tryptophane fluorescence analysis 
A Fluorescence scan was performed in order to observe the blue shift of tryptophane 
fluorescence in case of interaction of peptide Cecropin A with the polymer and in the 
absence of polymer. The shift of fluorescence observed is given in figure 59. 
 
                                       
Figure 59: Relative fluorescence intensities: Cecropin A in phosphate buffer (lime) and Cecropin A and 
polymer solution (blue). 
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3.3.7 CD (Circular dichroism) measurement 
Cecropin A folds into α-helical structure when in organic solvent environment and 
remains random coil in water. To follow the folding behavior of Cecropin A with 
polymer and in buffer/water CD measurements were performed. Figure 60 shows the 
folding behavior of Cecropin A in the two cases. 
 
                               
 
Figure 60: CD spectra for Cecropin A in buffer (lime) and Cecropin A in polymer solution (blue).  
3.3.8 Cecropin A-EGFP proteolysis on the surface of polymersome 
EGFP is vulnerable to pepsin proteolysis when it is in its denatured form. Also EGFP can 
be renatured to its active, fluorescing status after denaturation in acidic environment. 
Based on this phenomenon EGFP linked with Cecropin A on the surface of 
polymersomes was digested with pepsin. Results are shown in figure 61. 
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Figure 61: On the left pepsin digestion assay for EGFP on the surface of polymersome: 
 1. Cecropin A-EGFP and polymersome (preformed vesicles). 
 2. Cecropin A-EGFP and polymersome (preformed vesicles) denatured and digested with pepsin.  
3. Cecropin A-EGFP and polymersome (preformed vesicles) denatured, digested with pepsin and then 
renatured. 
4. Cecropin A-EGFP and polymersome (preformed vesicles) denatured with acid and renatured. 
5. Cecropin A-EGFP and polymersome (forming vesicles).  
6. Cecropin A-EGFP and polymersome (forming vesicles) denatured, digested with pepsin. 
7. Cecropin A-EGFP and polymersome (forming vesicles) denatured, digested with pepsin and then 
renatured. 
8. Cecropin A-EGFP and polymersome (forming vesicles) denatured with acid and renatured. 
On the right EGFP encapsulation by polymersome. 
3.3.9 Calcein encapsulation and leakage assay  
50 mM calcein was encapsulated in polymersomes. To see the leakage of calcein from 
the polymersome, fluorescence of the sample was observed over 24 hours (6 hours 
intervals). No fluorescence was observed after 24 hours while the sample was kept at 
room temperature. Another experiment was performed in which during encapsulation of 
the calcein Cecropin A-EGFP was also added to the polymer-calcein solution to observe 
if Cecropin A-EGFP can cause any leakage. The sample was purified with amicon 
column (see materials and methods). Immediately no calcein release was found and the 
sample was kept for 24 hours to see the effect of Cecropin A insertion over time upon the 
release of encapsulated calcein. After 24 hours no significant fluorescence for calcein 
was detected.  
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3.3.10 Geometric model for the surface maximum packing (maximum number of 
EGFP on a polymersome surface) 
Here a geometric model to derive the maximum number of EGFP on a polymersome 
surface is presented. The geometric model is based on the maximum number of inscribed 
circles on a spherical surface. In figure 59 is shown a spherical sector of surface area A 
function of the high h and base a on a sphere of radius r. The EGFP can be well 
assimilated to a cylinder of diameter 2a (Figure 63) and the maximum number of EGFP 
(cylinders) that can be constructed on the spherical surface will be function of the 
cylinder diameter.   
 
 
 
Figure 62: Polymersome model 
 
Due to the proportionality between the cylinder diameter and the spherical sector area, 
the totality of the sector areas subtended from all the cylinders must equal the sphere 
surface area. This means that: N (n° of cylinders) = 4 πr2/∑A 
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Where the spherical sector has area A: 
A=2 π rh  
with:          h=r-√(r2-a2) 
Substituting h in the first relation results in:  
A= 2 π [r2 - √ r2(r2-a2)] 
So the n° of cylinders is:  
N=4 π r2/∑2 π [r2 - √ r2(r2-a2)] 
By DLS data, the used triblock copolymer has a maximum distribution peak at ~300 nm, 
while EGFP has a VdW diameter of 4 nm. By the geometric approach used here, the 
maximum number of EGFP to be strictly packed on the surface is 22499. Through this 
number it is possible to deduce that: 
a) each single nanocontainer could reasonably accommodate on the surface an order 
of hundreds to thousands of EGFP molecules; 
b) Cecropin A peptides even in the highest packing condition will be never closer to 
4 nm avoiding any pore formation.  
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Chapter IV-Discussion  
 4.1 Reconstitution of FhuA ∆1-159 Ext in polymersome formed by PIB1000-PEG6000-
PIB1000
 
 
The cellular interior can be regarded as highly complex synthetic medium for bio-
molecules. To ensure the integrity of this system among several approaches employed by 
nature, an important one is the compartmentalization of the whole system. This ensures 
isolated catalytic cycle, prevention of interference by other compounds and control of the 
flux of the molecules in and out from the cellular environment. To encapsulate the 
enzyme similar to what can be found in nature, many studies were carried out based on 
liposomes formed by phospholipids (Weissman et al. 1965 and Nomura et al. 2003). The 
major concern to the use of liposome is their relative thermodynamics and mechanical 
instability. To solve the problems related to liposome encapsulation, the closely related 
amphiphilic block co-polymers that form closed micro-environment and can encapsulate 
target molecules/enzymes/proteins, called polymersomes may be used (Discher et al. 
2002). Polymersomes are usually less dynamic because of the larger dimension of the 
amphiphilic blocks and their lower critical aggregation concentration. Due to the general 
thickness of polymeric membranes, the diffusion of water over the membrane is very 
slow. To overcome this problem researchers have incorporated channel proteins (Discher 
et al. 2002 and Nallani et al. 2006) into polymeric membranes.  The thickness of the 
membrane on the one hand makes it difficult to reach the encapsulation of 
proteins/enzyme but on the other hand the retention, safety and long term integrity of the 
polymersome is ensured. For incorporation of a channel protein into thick polymeric 
membranes, there is a limit between the hydrophobic length of the membrane and the 
hydrophobic portion of the channel protein. As already described, it is highly unlikely 
that a protein’s length can stretch in order to overcome the hydrophobic mismatch. 
Instead the channel protein has to be changed into either highly hydrophobic or the length 
of the hydrophobic part of the protein has to be increased. In the present study to 
minimize the hydrophobic mismatch the hydrophobic portion of the channel protein was 
increased. The five amino acids added to each beta sheet increased the length by 1 nm, 
i.e. from 3 nm to 4 nm. The new variants length increase is shown in figure 25 as derived 
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from VMD (Visual Molecular Dynamics program ver. 1.6, 
http://www.ks.uiuc.edu/Research/vmd/) for FhuA ∆1-159 Ext and FhuA ∆1-159 and 
obtained by molecular dynamics (PIB1000-PEG1500-PIB1000 membrane).   
FhuA ∆1-159 Ext with (110 additional amino acids in the membrane part of the β-
barrels) was successfully cloned and expressed into E. coli BL21 Omp8 cells. The 
expression level was not very high as can be seen on the SDS gel pictures (Figure 28). 
Also the OD after induction reached hardly to 2, before cells started to lyse. The expected 
OD578 after induction with 1mM IPTG was 2.6-3. Compared to the FhuA ∆1-159 protein 
the extended protein shows more interaction with the membrane of the cell and the 
normal (previously established) procedure for extraction of the FhuA ∆1-159 was not 
successful for the extraction of this new variant. Although organic solvent extraction was 
successful and a pure band of the target protein was seen on the SDS gel (Figure 29), the 
amount of purified protein was very low as compared to the lost fraction of protein in the 
final pellet. Both the secondary structure prediction and CD spectroscopy suggested the 
correct β-barrel folding of the engineered FhuA ∆1-159 Ext. The CD spectrum (Figure 
31) and the deconvolution results show that the protein is correctly folded and useful for 
further future applications. This result indicates that vast sequence modifications can be 
introduced to the FhuA ∆1-159 without loosing channel functionality. Furthermore the 
FhuA ∆1-159 Ext variant can be rationally engineered by lengthening the hydrophobic 
transmembrane region or by amino acid substitutions to increase the protein’s 
hydrophobicity, to be efficiently embedded into block copolymer membranes with 
different physico-chemical characteristics. Passing from a passive channel to a controlled 
one, the insertion of a triggering mechanism to control the flux can be further optimized 
by introducing specific mutations. Schematic representation of a functionalized 
nanocontainer is given in figure 63. 
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Figure 63: Schematic representation of functionalized nanocontainer loaded with HRP (blue circles) and 
FhuA ∆1-159 Ext protein channel. 
 
CD-spectra of biotin labeled protein show a slight shift in minima from 218 nm to 222 
nm, but the over all structure remains intact. Deconvolution revealed 0 % α-helix, 58 % 
β-sheet and 42 % random coil. These numbers are in close agreement with spectra for the 
unlabelled FhuA ∆1-159 Ext.  
The kinetic data obtained from TMB/HRP assay in presence of the FhuA ∆1-159 Ext, 
were compared to a set of negative controls to verify the obtained results. In detail: 
Polymersome + HRP, Polymersome + HRP + FhuA ∆1-159, Free HRP and Polymersome 
+ HRP + detergent. Polymersome adsorption was subtracted from all kinetic data. 
The HRP/TMB assay was used for confirmation of the functional incorporation of FhuA 
∆1-159 Ext. In figure 40 the polymersome membrane has been found to be impermeable 
to the TMB substrate showing no oxidation kinetics (triangles), the detergent, used to 
solubilize FhuA ∆1-159 Ext, itself has no effect on the polymersome membrane as no 
kinetics were observed (grey diamonds), polymersomes in presence of the protein variant 
FhuA ∆1-159 show the same conversion rate as the control with just polymersomes and 
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enclosed enzyme and thus no TMB conversion (black minus). It should be underlined 
that FhuA ∆1-159 was previously inserted into polymersome membranes formed by the 
triblock copolymer PMOXA-PDMS-PMOXA Nallani et al. 2006, however it cannot be 
reconstituted into PIB1000-PEG6000-PIB1000 membranes.  
By blocking the inserted FhuA ∆1-159 Ext via biotinylation of the channel Lys residues, 
prior to nanocompartment insertion, the functionality of the channel protein could be 
further validated. This channel blocking approach has already been employed in previous 
studies based on the FhuA ∆1-159 (Güven et al. 2010, Onaca et al. 2008). 
Overall results of the kinetic data are based on three individual data sets and are reported 
in (Figure 40 and Table VIII). 
In contrast HRP loaded polymersomes in presence of the unblocked FhuA ∆1-159 Ext 
shows a clear oxidation kinetic (squares), indicating the successful channel protein 
insertion into the polymer membrane. This result strongly suggests that the hydrophobic 
mismatch has been overcome by increasing the protein hydrophobic portion.  However to 
address the question whether the FhuA ∆1-159 Ext really works as a channel or whether 
the observed kinetics are due to the locally perturbed polymer membrane by the presence 
of the protein, the channel was blocked by biotinylation of the Lys-NH2 groups.  
Previous experiments show the ability of the labelling to efficiently close the channel, 
expecting no kinetics from the labelled channel compared to fast kinetics with an 
unlabeled one (Onaca et al. 2008). 
The HRP loaded polymersomes with blocked FhuA ∆1-159 Ext channel show around 
five times lower slope absorbance kinetics as compared to polymersomes with the open 
channel (grey cycles) (Figure 40 and Table VIII). This residual kinetics of the 
biotinylated FhuA ∆1-159 Ext can be due to: a) lower efficiency of the labelling moieties 
to close the longer FhuA ∆1-159 Ext channel, b) low labelling efficiency of the Lysine 
within the channel and c) local perturbation of the polymersome membrane near to the 
protein rendering it slightly permeable to TMB. At the actual state of the art we cannot 
distinguish between the phenomena (a) and (c).  
An average biotin concentration of ~3900 pmol was found after protease degradation (to 
expose all biotin moieties) of labelled FhuA ∆1-159 Ext, corresponding to the expected 
biotin concentration with all 29 Lysines labelled. This result shows that all channel’s 
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Lysines are labelled and the observed, residual flux through the polymersome membrane 
is due to other reasons; as previously suggested, i.e. enhanced polymer permeability 
around the protein and lower closing efficiency due to increased channel length.  
Ribbon model of FhuA ∆1-159 Ext (side and top view), Lysine residues are shown 
(Figure 45). 
4.2 Insertion of Cecropin A-EGFP into polymersome formed by PIB1000-PEG6000-
PIB1000 
In the introduction of this chapter several types of polymersome and their application in 
drug delivery, cell tracking and or as nanoreactors have been reported. In many of these 
cases the surface exposure of the polymersome either played an important role or would 
have been a desirable property for a particular application. Being all these facts in 
consideration, Cecropin A-EGFP was used in this study to decorate the surface of 
polymersome. To study the interaction of Cecropin A and polymersomes different 
approaches were followed. Size exclusion chromatography yields separation of molecules 
on the basis of their size, as the solution travels down the column molecules that are 
smaller than the pore size can enter the beads resulting in a longer path and longer transit 
times than larger molecules that cannot enter the beads pores. Therefore, larger particles 
will elute faster than comparatively smaller molecules. The polymersome of large size or 
the nanocontainer should come first followed by some micelles and then the free protein 
should come through the column.  
As expected size exclusion chromatography led to a first peak of fluorescence 
representing Cecropin A-EGFP with polymersome and a second peak of fluorescence 
representing the free protein. Dynamic light scattering analysis showed that the fractions 
from the first peak (Figure 55a) showing highest fluorescence contain vesicles with a 
maximum average size (measured by DLS) of 220 nm. Size exclusion chromatography of 
the same fraction is shown in (Figure 56b) and revealed that there is no second peak 
formation indicating no detachment of the Cecropin A-EGFP.  
CD spectra analysis clearly revealed that there is α-helical formation when the Cecropin 
A is in contact with polymersome (Figure 59) while it remains random coil in aqueous 
environment. For CD analysis only pure Cecropin A was used as the signals from 
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Cecropin A in either aqueous or polymeric membrane environment could be masked by 
signals from the linked EGFP. Tryptophane fluorescence shift analysis also dictates the 
interaction of Cecropin A with polymeric membrane. In figure 60 a blue shift for the 
single tryptophane fluorescence in Cecropin A can be seen towards 330 nm in polymer 
from 370 nm in buffer. The pepsin digestion assay was not fully in agreement with 
confirmation of the insertion of Cecropin A-EGFP as the encapsulation efficiency of 
EGFP by polymersomes was very low (Figure 61 left panel). However it was possible to 
renature the EGFP after acid denaturation on the surface of the polymersome. This EGFP 
was clearly outside the polymersome as the digested EGFP could not be renatured while 
the undigested EGFP could be renatured after denaturation (Figure 61 right panel). The 
stiffness and membrane fluidity of polymersome was analyzed by the calcein release 
assay. It showed that for 24 hours after encapsulation of calcein there is no leakage and 
the polymersomes are impermeable to the encapsulant. Also interaction of Cecropin A-
EGFP had no effect on the permeability of the polymersome. This means that the used 
Cecropin A concentration on the surface of the polymersome was insufficient for the 
formation of pores. 
Polymer addition increased drastically the EGFP fluorescence and this increase in 
fluorescence is independent of the used polymer concentration. Furthermore the increase 
in fluorescence is independent of the polymers nature as different polymers were tested 
and all had the same effect and the fraction of increase in fluorescence was same for 
different polymers used.  
4.3 Conclusion 
4.3.1 Reconstitution of FhuA ∆1-159 Ext in polymersome formed by PIB1000-
PEG6000-PIB1000 
Regarding the first part of the thesis, as block copolymer membranes are rather thick in 
comparison to the lipid membrane found in nature, the insertion of membrane proteins 
into polymer vesicles is limited by the hydrophobic mismatch (Mouritsen et al. 1984). 
The conventional and rather inflexible approach to overcome this limitation is to 
synthesise block copolymers with a chain length close to the length of membrane lipids.  
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In this thesis a new approach for the successful insertion of the channel protein FhuA into 
polymersome membranes is reported.  
A simple “rational” strategy to double the last 5 amino acids of each of the 22 β-sheets 
prior to the more regular periplasmatic β-turns has been developed, resulting in protein 
variant FhuA ∆1-159 Ext (Extended). The pasted 5 amino acids are expected to bring the 
same folding information as the original ones.  
As a consequence the protein’s hydrophobic transmembrane region was increased by 1 
nm, leading to a predicted lower hydrophobic mismatch between the protein and polymer 
membrane, minimizing the insertion energy penalty.  
Both the secondary structure prediction analysis and CD spectroscopy, suggest the 
correct β-barrel folding of the engineered FhuA ∆1-159 Ext. This indicates that vast 
sequence modifications can be introduced to the FhuA ∆1-159 without loosing channel 
integrity. 
Furthermore the FhuA ∆1-159 Ext variant can be rationally engineered by lengthening 
the hydrophobic transmembrane region or by amino acid substitutions to increase the 
protein’s hydrophobicity, to be efficiently embedded into block copolymer membranes 
with different physico-chemical characteristics. Passing from a passive channel to a 
triggered one, flux control can be further optimized by introducing specific mutations.  
In conclusion coupling the polymer synthesis flexible chemistry to the protein genetic 
engineering, the polymersomes properties can be modulated by specifically modifying 
the protein-polymer alliance, broadening the possible applications.  
4.3.2 Insertion of Cecropin A-EGFP into polymersome formed by PIB1000-PEG6000-
PIB1000 
In the second part of the thesis, which deals with insertion of a peptide Cecropin A 
(anchor) linked to a protein (EGFP), we concluded as following: 
a) The two peaks representing the polymer and protein fractions in size exclusion 
chromatography show a marked interaction between Cecropin A and the nanocontainers. 
This interaction is possible before and after vesicle formation. By size exclusion 
chromatography no significant difference can be observed in the two forms of interaction 
i.e. before and after vesicle formation;  
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b) Polymer addition increase drastically the EGFP fluorescence and this increase in 
fluorescence is independent within the used polymer concentration.  
c) Further experiments like, tryptophane fluorescence analysis, circular dichroism and 
pepsin assay, helped in obtaining a clear picture on the polymersome interaction with the 
chimeric proteins. 
d) Geometric model for the surface maximum packing number of EGFP reveals that the 
concentration of Cecropin A-EGFP can not reach to an extent where it can cause pore 
formation in the polymersome and the same is supported by calcein encapsulation assay 
with Cecropin A-EGFP added resulting in no release of the calcein. 
The use of standard molecular biology techniques opens the possibility to fuse Cecropin 
A to a wide variety of proteins, with the advantage to avoid chemical coupling steps. 
Well established genetic engineering methods ensure an “easy” and universal use of the 
introduced “anchoring” technology for polymersome decoration. Potential applications of 
the peptide Cecropin A anchor range from immobilization tags for biocatalysts to drug 
targeting in medicine (i.e. facilitated polymersomes uptake or targeted drug delivery in 
cells through antibody fragments). 
antibody fragments). 
Further studies will focus on the factors modulating CecEGFP insertion efficiency, 
replacement of EGFP by other fused proteins, enzymes, antibody fragments or metal 
catalysts.  
 
                                       
 
  Appendices 
  
 
89 
Chapter V- References 
 
Ahmed F, PakunluR, Brannan A, Bates F, Minko T, Discher D: Biodegradable 
polymersomes loaded with both paclitaxel and doxorubicin permeate and shrink 
tumors, inducing apoptosis in proportion to accumulated drug. J Controlled Release 
2006, 116: 150–158. 
 
Andrade M, Chacón P, Merelo J, Morán F: Evaluation of secondary structure of 
proteins from UV circular dichroism spectra using an unsupervised learning neural 
network. Prot Eng 1993, 6: 383-390. 
 
Andreu D, Merrifield R, Steiner H, Boman G: N-terminalanalogues of Cecropin A: 
synthesis, antibacterial activity, and conformational properties. Biochemistry 1985, 
24: 1683–1688. 
 
Antonietti M, Forster S: Vesicles and liposomes: A self-assembly principle beyond 
lipids. Adv. Mater 2003, 15(16):1323-1333. 
 
Arcan G, Fioroni M, Hauer B, Schwaneberg U: Molecular understanding of sterically 
controlled compound release through an engineered channel protein (FhuA). 
Journal of Nanobiotechnolog: 2010, 8-14. 
 
Bangham A: Liposomes, the Babraham connection. Chem. Phys. Lipids 1993, 64: 275–
285. 
 
Bland J, De Lucca A, Jacks T, Vigo C: All-D-Cecropin B: synthesis, conformation, 
lipopolysaccharide binding, and antibacterial activity. Mol. Cell Biochem 2001, 218:  
105–111. 
 
Boman H, Hultmark D: Cell-free immunity in insects. Annu. Rev. Microbiol 1987, 41: 
103-126. 
  Appendices 
  
 
90 
 
Braun M, Killmann H, Braun V: The beta-barrel domain of FhuA delta 5- 160 is 
sufficient for TonB-dependent FhuA activities of Escherichia coli. Molecular 
Microbiology 1999, 33:1037-1049. 
 
Braun M, Killmann H, Maier E, Benz R, Braun V: Diffusion through channel 
derivatives of the Escherichia coli FhuA transport protein. European Journal of 
Biochemistry 2002, 269: 4948-4959. 
 
Chalfie M, Tu Y, Euskirchen G, Ward W, Prasher, D: Green fluorescent protein as a 
marker for gene expression. Science 1994, 263: 802-805.  
 
Chiefari J, Chong Y, Ercole F, Krstina J, Jeffery J,  Le R. Mayadunne G. Meijs F,  Moad 
L, Moad G,  Rizzardo E, Thang S: Living free radical polymerization by reversible 
addition-fragmentation chain transfer: The raft process. Macromolecules 1998, 31: 
5559-5562. 
 
Christensen B, Fink J, Merrifield R, Mauzerall D: Channel-forming properties of 
cecropins and related model compounds incorporated into planar lipid membranes, 
Proc. Natl. Acad. Sci. U. S. A 1988, 85: 5072–5076. 
 
Christian N, Milone M, Ranka S, Li G, Frail P, Davis K, Bates F, Therien M, 
Ghoroghchian P, June C, Hammer D: Tat functionalized near infra red emissive 
polymersomes for dendriticcell labeling. A Bioconjugate Chem 2007, 18: 31–40. 
 
Cowgill R: Fluorescence and the structure of proteins and fluorescence of peptides 
containing tryptophan or tyrosine. Biochem. Biophys. Acta 1963, 75: 272–273. 
Cubitt A, Woollenweber L, Heim R: Understanding structure function relationship in 
the Aequorea Victoria green fluorescence protein. Methods Cell Biol 1999, 58: 19-30. 
 
  Appendices 
  
 
91 
Discher B, Won, Y, Ege Lee D, Bates F. S, Discher D, Hammer, D: Polymersomes: 
tough vesicles made from diblock copolymers. Science 1999, 284: 1143–1146. 
 
Discher B, Won, Y, Ege Lee D, Bates F. S, Discher D, Hammer, D: Polymersomes: 
tough vesicles made from diblock copolymers. Science 1999, 284: 1143–1146. 
 
Discher B, Y-Y. Won, Ege, J, Lee, Bates F, Discher D, Hammer D: Polymersome: 
Tough vesicles made from diblock copolymer vesicles. Science 1999, 284:1143-1146. 
 
Discher D, Ahmed F: Polymersomes. Annu. Rev.Biomed.Eng 2006, 8:323–341. 
 
Discher D, Eisenberg A: Polymer vesicles. Science 2002, 297: 967–973. 
 
Ferguson A, Hofmann E, Coulton W, Diederichs K, Welte W: Siderophore-mediated 
iron transport: crystal structure of FhuA with bound lipopolysaccharide. Science 
1998, 282:2215-2220. 
 
Ferguson D, Hofmann E, Coulton J, Diederichs K, Welte W: Siderophore-mediated 
iron transport: Crystal structure of FhuA with bound lipopolysaccharide. Science 
1998, 282(5397): 2215-2220. 
 
Fink J, Boman A, Boman G,  Merrifield B: Design, synthesis and antibacterial activity 
of Cecropin-like model peptides. Int. J. Pept. Protein Res 1989, 33: 412–421. 
Forster S, Plantenberg T: Functional structural hierarchies from self-organizing 
polymers. Angewandte Chemie, International Edition 2002, 41: 688-714. 
 
Galaev I.Y.  Mattiasson B, 'Smart' polymers and what they could do in biotechnology 
and medicine. Trends in Biotechnology 1999, 17(8): 335-340. 
 
Gennis, R: Biomembranes: Molecular structure and function. Springer-Verlag: New 
York, 1989. p.23. 
  Appendices 
  
 
92 
 
Ghoroghchian P, Li GZ, Levine D, Davis K, Bates F, Hammer D, Therien M: 
Macromolecules 2006, 39:1673–1675. 
 
Ghoroghchian P, Lin J, Brannan A, Frail P, Bates F, Therien M, Hammer D: 
Quantitative membrane loading of polymer vesicles. Soft Matter 2006, 2: 973–980. 
 
Goundla S, Dennis E, Discher S, Michael L, Klein S: Key roles for chain flexibility in 
block copolymer membranes that contain pores or make tubes. Nanoletters 2005, 5: 
2343-2349. 
 
Han X, Bushweller H, Cafiso DS, Tamm K: Membrane structure and fusion-
triggering conformational change of the fusion domain from influenza 
hemagglutinin. Nat. Struct. Biol. 2001, 8: 715–720. 
 
Hancock R.E, Chapple D, Peptide antibiotics. Antimicrob. Agents Chemother 1999, 
43:1317–1323. 
 
Haner N, Steinbach P, Tsien R: A guide to choosing fluorescent proteins. Nat. Methods 
2005, 2 (12): 905–909.  
Hastrup O, Tullin S, Poulsen L, Bjørn S: Fluorescent proteins. US patent 
1995,http://patft.uspto.gov/netacgi/nphParser?Sect2=PTO1&Sect2=HITOFF&p=1&u=%
2Fnetahtml%2FPTO%2Fsearchbool.html&r=1&f=G&l=50&d=PALL&RefSrch=yes&Q
uery=PN%2F6172188. 
 
Hawthorne D, Moad G, Rizzardo E, Thang S: Living radical polymerization with 
reversible addition-fragmentation chain transfer (RAFT): Direct ESR observation 
of intermediate radical. Macromolecules 1999, 32: 5457-5459. 
 
Heim R, Cubitt A, Tsien R: Improved green fluorescence. Nature 1995, 373 (6516): 
663–64.  
  Appendices 
  
 
93 
 
Heim R, Prasher D, Tsien R: Wavelength mutations and posttranslational 
autoxidation of green fluorescent protein. Proc. Natl. Acad. Sci. U S A. 1994, 20: 
91(26):12501-04. 
 
Hillmyer M, Bates F: Synthesis and characterization of model polyalkane-
poly(ethylene oxide) block copolymers. Macromolecules 1996, 29: 6994–7002. 
 
Hoffmann J: Innate immunity of insects. Curr. Opin. Immunol 1995, 7:4–10. 
 
Holak A, Engstrom P, Kraulis G, Lindeberg H, Bennich T, Jones AG, Clore GM: The 
solution conformation of the antibacterial peptide Cecropin A: a nuclear magnetic 
resonance and dynamical simulated annealing study. Biochemistry 1988, 27:7620–
7629. 
 
Huang W: Action of antimicrobial peptides: two-state model, Biochemistry 2000, 39: 
8347–8352. 
Hultmark D, Steiner H, Rasmuson T,  Boman H: Insect immunity:Purification and 
properties of three inducible bactericidal proteins from hemolymph of immunized 
pupae of Hyalophora cecropia.  Eur. J. Biochem 1980, 106:7–16. 
 
Iatrou H, Frielinghaus H, Hanski S, Ferderigos N, Ruokolainen J, Ikkala, O, Richter D, 
Mays J, Hadjichristidis N: Architecturally induced multiresponsive vesicles from well 
defined polypeptides: formation of gene vehicles. Biomacromolecules 2007, 8: 2173–
2181. 
 
Jacques M, Deshusses P, Jennifer A, Burgess A, Yvan W, Nadia W, Veronique C, Salvo 
P, Garry L, Dennis F, Jean-Charles S: Exploitation of specific properties of TFE for 
extraction and separation of membrane proteins. Proteomics 2003, 3: 1418-1424. 
 
  Appendices 
  
 
94 
Jones D: Protein secondary structure prediction based on position specific scoring 
matrices. J Mol Biol 1999, 292: 195-202. 
 
Juvvadi P, Vunnam E, Merrifield H, Boman B: Hydrophobic effects on antibacterial 
and channel-forming properties of Cecropin A-melittin hybrids. J. Pept. Sci. 1996, 2: 
223–232. 
 
Kauzmann, W: Some factors in the interpretation of protein denaturation. Adv. 
Protein Chem 1957, 14: 1–63. 
 
Killmann H, Herrmann C, Torun A, Jung G, Braun V: TonB of Escherichia coli 
activates FhuA through interaction with the beta-barrel. Microbiology 2002, 
148(11): 3497-3509. 
 
Kocer A: A remote controlled valve in liposomes for triggered liposomal release. 
Journal of Liposome Research 2007, 17:219-225. 
Koebnik R, Locher K, Van Gelder P: Structure and function of bacterial outer 
membrane proteins: barrels in a nutshell. Molecular Microbiology 2000, 37:239-253. 
 
Kohno S, Otsubo T, Tanaka E, Maruyama K, Hara K: Amphotericin B encapsulated in 
polyethylene glycol-immunoliposomes for infectious diseases. AdV. Drug DeliVery 
ReV 1997, 24: 325–329. 
 
Lakowicz J: Principles of frequency-domain fluorescence spectroscopy and 
applications to cell membranes. Subcell. Biochem 1988, 13: 89–126. 
 
Lasic D: Liposomes: From Physics to Applications. Biophys. J. 1993, 67: 1358-1362. 
 
Levine D, Ghoroghchian P, Freudenberg J, Zhang G, Therien MJ, Greene M, Hammer D, 
Murali R: Polymersomes: A new multi-functional tool for cancer diagnosis and 
therapy. Methods 2008, 46:25–32. 
  Appendices 
  
 
95 
 
Lin J, Ghoroghchian P, Zhang Y, Hammer D: Adhesion of antibody-functionalized 
polymersomes. Langmuir 2006, 22: 3975–3979.  
 
Lundbæk J, Birn P, Tape S, Toombes G, Søgaard R:  Capsaicin regulates voltage-
dependent sodium channels by altering lipid bilayer elasticity. Mol. Pharmacol 2005, 
68:680–89. 
 
Lundbæk J: Regulation of membrane protein functions by lipid bilayer elasticity-a 
single molecule technology to measure the bilayer properties experienced by an 
embedded protein. J. Phys. Condens. Matter 2006, 18: 1305–1344. 
 
Malik A, Rodolf R, Sohling B: Use of enhanced green fluorescent protein to 
determine pepsin at high sensitivity. Anal. Biochem 2005, 340: 252-258. 
 
Marassi M, Opella S, Juvvadi P, Merrifield R: Orientation of Cecropin A helices in 
phospholipid bilayers determined by solid-state NMR spectroscopy. Biophys. J. 1999, 
77: 3152–3155. 
 
Marquez LA, Dunford HB: Mechanism of the oxidation of 3,5,3',5'-
Tetramethylbenzidin by Myeloperoxidase determined by transient and steady-state 
kinetics. Biochemistry 1997, 36: 9349-9355. 
 
Meng F, Engbers G, Feijen J: Biodegradable polymersomes as a basis for artificial 
cells: encapsulation, release and targeting. J Control Release 2005, 101:187–198.  
 
Meng F, Zhiyuan Z, Jan F: Review stimuli responsive polymersome for programmed 
drug delivery. Biomacromolecules 2009, 10: 197-209. 
 
  Appendices 
  
 
96 
Nallani M, Benito S, Onaca O, Graff A, Lindemann M, Winterhalter M, Meier W, 
Schwaneberg U: A nanocompartment system (synthosome) designed for 
biotechnological applications. Journal of Biotechnology 2006, 123:50-59. 
 
Nallani M, Onaca O, Gera N, Hildenbrand K, Hoheisel W, Schwaneberg U: A 
nanophosphor-based method for selective DNA recovery in Synthosomes. 
Biotechnology Journal 2006, 1:828-834. 
 
Nardin C, Hirt T, Leukel J, Meier W: Polymerized ABA triblock copolymer vesicles. 
Langmuir 2000, 16(3): 1035 -1041. 
 
Nardin C, Thoeni S: Nanoreactors based on (polymerized) ABA triblock copolymer 
vesicles. ChemComm 2000, 15: 1433-1434. 
Nardin C, Widmer J, Winterhalter M, Meier W: Amphiphilic block copolymer 
nanocontainers as bioreactors. The European Physical Journal E: Soft Matter and 
Biological Physics 2001, 4:403-410. 
 
Nomura M, Tsumoto K, Hamada T, Akiyoshi K, Nakatani Y, Yoshikawa K: Gene 
expression with in cell sized lipid vesicles. ChemBioChem 2003, 4 (11):1172-1175. 
 
Olaf S, Koeppe R: Bilayer thickness and membrane protein function: an energetic 
perspective. Annu.Rev.Biophys.Biomol.Struct 2007, 36: 107-130. 
 
Onaca O, Sarkar P, Roccatano D, Friedrich T, Hauer B, Grzelakowski M, Güven A, 
Fioroni M, Schwaneberg U: Functionalized nanocompartments (Synthosomes) with a 
reduction-triggered release system. Angewandte Chemie International Edition 2008, 
47:7029-7031. 
 
Oren, Z., and Y. Shai: Mode of action of linear amphipathic alphahelical 
antimicrobial peptides. Biopolymers 1998, 47:451–463. 
 
  Appendices 
  
 
97 
Ormö M, Cubitt A, Kallio K, Gross L, Tsien R, Remington S: Crystal structure of the 
Aequorea victoria green fluorescent protein. Science 1996, 273 (5280): 1392–95.  
 
Park B, Zhang H, Wu CJ, Berezov A, Zhang X, Dua R, Wang Q, Kao G, O'Rourke D, 
Greene M, Murali R: Rationally designed anti-HER2/neu peptide mimetic disables 
P185HER2/neu tyrosine kinases in vitro and in vivo. 
Nat. Biotech. 2000, 18:194–198. 
 
Pata V, Dan N: The effect of chain length on protein solubilization in polymer based 
vesicles (polymersomes). Biophys. J. 2003, 85(4): 2111-2118. 
 
Piers K, Hancock R: The interaction of a recombinant Cecropin/melittin hybrid 
peptide with the outer membrane of Pseudomonas aeruginosa. Mol. Microbiol. 1994, 
12: 951–958. 
 
Plautz J, Day R, Dailey G, Welsh S, Hall J, Halpain S, Kay S: Green fluorescent 
protein and its derivatives as versatile markers for gene expression in living 
Drosophila melanogaster, plant and mammalian cells. Gene 1996, 173: 83-87.  
 
Prendergast F, Mann K: Chemical and physical properties of aequorin and the green 
fluorescent protein isolated from Aequorea forskålea. Biochemistry 1978, 17 (17): 
3448–3453.  
 
Rodrigues U, Kroll R: The direct epifluorescent filter technique (DEFT) increased 
selectivity, sensitivity and rapidity. J. Appl. Bacteriol 19985, 59: 493-499. 
 
Sambrook J, Fritsch E, Maniatis T:  3rd edition Molecular cloning: A laboratory manual. 
Cold Spring Harbor publication. 
 
  Appendices 
  
 
98 
Sato H, Jimmy B: Peptide–membrane interactions and mechanisms of membrane 
destruction by amphipathic α-helical antimicrobial peptides. Biochemica Biophisica 
2006, 1758: 1245-1256. 
 
Savic R, Luo L, Eisenberg A, Maysinger D: Micellar nanocontainers distribute to 
defined cytoplasmic organelles. Science 2003, 300: 615–618.  
 
Shai Y: Mode of action of membrane active antimicrobial peptides. Biopolymers 
2002, 66: 236–248. 
 
Sharma A, Sharma U: Liposomes in drug delivery: progress and limitations. Int. J. 
Pharm. 1997, 154:123–140. 
 
Shen H, Eisenberg A: Control of architecture in block copolymer vesicles.  
Angewandte Chemie, International Edition 2000, 39: 3310-3312. 
 
Silvestro L, Axelsen P: Membrane-induced folding of Cecropin A. Biophys. J. 2000, 
79: 1465–1477. 
 
Silvestro L, Gupta K, Weiser J, Axelsen P: The concentration dependent membrane 
activity of Cecropin A. Biochemistry 1997, 36:  11452–11460. 
 
Steiner H, Hultmark D,  Engstro A, Bennich H, Boman HG: Sequence and specificity of 
two antibacterial proteins involved in insect immunity. Nature 1981, 292:246–248. 
 
Steiner H: Secondary structure of the Cecropins: antibacterial peptides from the 
moth Hyalophora cecropia. FEBS Let 1982, 137: 283–287. 
 
Tsien R: The green fluorescent protein. Annu Rev Biochem 1998, 67: 509–544.  
 
  Appendices 
  
 
99 
Vila J, Williams R, Grant J, WojcikJ, Scheraja H: The intrinsic helix forming tendency 
of L-alanine. Proc. Natl. Acad. Sci. USA 1992, 89:7821-7825.  
 
Wang W, Smith D, Moulding K, Chen HM: The dependence of membrane 
permeability by the antibacterial peptide Cecropin B and its analogs, CB-1 and CB-
3, on liposomes of different composition. J. Biol. Chem 1998, 273: 27438–27448. 
 
Weissman G. Sessa G, Standish A, Bangham D: A direct effect of steroids on 
permeability of lipid membranes (Liposome). J. Clin. Invest. 1965, 6(44): 1109. 
 
Ye JQ, van den Berg B: Crystal structure of the bacterial nucleosidetransporter Tsx. 
Embo Journal 2004, 23:3187-3195. 
 
Zhang L, Eisenberg A: Multiple morphologies of “Crew-Cut” aggregates of 
polystyrene-b-poly(acrylic acid) block copolymers. Science 1995, 268: 1728-1731. 
 
Zupancich J, Bates F, Hillmyer M: Aqueous Dispersions of Poly(ethylene oxide)-b-
poly(γ-methyl-ε-caprolactone) Block Copolymers. Macromolecules 2006, 39: 4286–
4288. 
 
 
  Appendices 
  
 
100 
Appendix I 
 
FhuA ∆1-159 Ext (Nucleotide sequence) 
TTAATTAACATATGGCACGTAGCAAAACCGCACAGCCGAAACATAGCCTGCGTAAAATTG 
CAGTTGTTGTTGCAACCGCAGTTAGCGGTATGAGCGTTTATGCACAGGCACCGCTGAAAG 
AAGTTCAGTTTAAAGAGGTGCAGTTTAAAGCAGGCACCGATAGCCTGTTTCAGACCGGTT 
TTGATTTTAGCGATAGCGATTTTTCTGATAGCCTGGATGATGATGGTGTTTATAGCTATC 
GTCTGACCAGCTATCGCCTGACAGGTCTGGCTCGTAGCGCAAATGCACAGCAGAAAGGTA 
GCGAAGAACAGCGTTATGCAATTGCACCGGCATTTACCTGGCCTGCCTTTACATGGCGTC 
CGGATGATAAAACCAATTTTACCTTCACCAATTTTACGTTTCTGAGCTATTTCCAGAATG 
AACCGGAAACCGGTTATTATGGTTGGCTGCCGAAAGAAGGCACCGTTGAACCGCTGCCGA 
ATGGTAAACGTCTGCCGACCGATTTTAATGAAGGTGCCAAAAATAATACCTATAGCCGTA 
ATGAAAAAATGGTGGGCTATAGCTTTGATCATGAATCTTTTGATCACGAATTTAATGATA 
CCTTTACCGTTCGCCAGTTTACCGTGCGTCAGAATCTGCGTTTTGCCGAAAATAAAACCA 
GCCAGAATAGCGTTTATGGTTATGGTGTTTGTAGCGATCCGGCAAATGCATATAGCAAAC 
AGTGTGCAGCACTGGCACCGGCAGATAAAGGTCATTATCTGGCACGTAAATATGTGGTGG 
ATGATGAAAAACTGCAGAATTTTAGCGTTGATACCCAGCTGCAGAGCAAATTTCTGCAGT 
CTAAATTTGCCACCGGTGATATTGATCATACCCTGCTGACCCATACACTGCTGACCGGTG 
TGGATTTTATGCGTATGCGCAATGATATTAATGCCTGGTTTGGCTATGATGATAGCGTTC 
CGCTGCTGAATCTGTATAATCCGGTGAATACCGATTTTGATTTTAATGCCAAAGATCCGG 
CTAATAGCGGTCCGTATCGCATTCTGAATAAACAGAAACAGACCGGTGTTTATGTTCAGG 
ATCAGGCACAGCAAGATCAGGCCCAGTGGGATAAAGTTCTGGTTACCCTGGTTCTGGTGA 
CACTGGGTGGTCGTTATGATTGGGCAGATCAGGAAAGCCTGAATCGCGTTGCAGGCACCA 
CCGATAAACGTGATGATAAACAGTTTACCTGGCGTGGTGGTGTTAATTATGGTGGCGTGA 
ATTACCTGTTTGATAATGGCGTGACCCCGTATTTTAGCACACCGTATTTCTCTTATAGCG 
AATCCTTTGAACCGAGCAGCCAGGTGGGTAAAGATGGCAATATTTTTGCACCGAGCAAAG 
GCAAACAGTATGAAGTGGGCGTTAAATATGTGGGTGTGAAATATGTTCCGGAAGATCGTC 
CGATTGTTGTTACCGGTGCAGTGGTGACCGGTGCCGTTTATAATCTGACCAAAACCAATA 
ATCTGATGGCAGATCCGGAAGGTAGCTTTTTTAGCGTGGAAGGTGGTGAAATTCGTGCAC 
GTGGTGTTGAAATTGAAGCAAAACGTCCGGAAGCCAAACGTCCGCTGTCAGCAAGCGTTA 
ATGTTGTTGGTAGCAATGTTGTGGGTAGCTATACCTATACCGATGCAGAATATACCACCG 
ATACCACCTATAAAGGTAATACACCGGCACAGGTTCCGAAACACATGGCAAGCCTGTGGG 
CAGATTATACCTTTTTTGATTATACGTTCTTTGATGGTCCGCTGTCTGGTCTGACCCTGA 
GCGGTCTGACACTGGGCACCGGTGGTCGCTATACCGGTAGCAGCTATGGTGATCCGGCAA 
ATAGCTTTAAAGTTGGCAGCTATACCGTTGTGGATGCACTGGTTCGTTATGATCTGGTGC 
GCTATGATCTGGCACGTGTTGGTATGGCAGGCAGCAATGTTGCACTGCATAATGTGGCCC 
TGCATGTAAATAACCTGTTTGATCGCGAATATGTGGCCAGCTGCTTTAATACCTATGGTT 
GTTTTTGGGGTGCAGAACGTCAGGTTGTTGCCACCGCAACCTTTCGTTTTACCGCCACGT 
      TTCGCTTTTAATAACTCGAGGCGCGCC 
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Appendix II 
FhuA ∆1-159 Ext (Amino acid sequence) 
PLKEVQFKEVQFKAGTDSLFQTGFDFSDSDFSDSLDDDGVYSYRLTSYRLTGLARSANA
QQKGSEEQRYAIAPAFTWPAFTWRPDDKTNFTFTNFTFLSYFQNEPETGYYGWLPKEGT
VEPLPNGKRLPTDFNEGAKNNTYSRNEKMVGYSFDHESFDHEFNDTFTVRQFTVRQNLR
FAENKTSQNSVYGYGVCSDPANAYSKQCAALAPADKGHYLARKYVVDDEKLQNFSVDTQ
LQSKFLQSKFATGDIDHTLLTHTLLTGVDFMRMRNDINAWFGYDDSVPLLNLYNPVNTD
FDFNAKDPANSGPYRILNKQKQTGVYVQDQAQQDQAQWDKVLVTLVLVTLGGRYDWADQ
ESLNRVAGTTDKRDDKQFTWRGGVNYGGVNYLFDNGVTPYFSTPYFSYSESFEPSSQVG
KDGNIFAPSKGKQYEVGVKYVGVKYVPEDRPIVVTGAVVTGAVYNLTKTNNLMADPEGS
FFSVEGGEIRARGVEIEAKRPEAKRPLSASVNVVGSNVVGSYTYTDAEYTTDTTYKGNT
PAQVPKHMASLWADYTFFDYTFFDGPLSGLTLSGLTLGTGGRYTGSSYGDPANSFKVGS
YTVVDALVRYDLVRYDLARVGMAGSNVALHNVALHVNNLFDREYVASCFNTYGCFWGAE
RQVVATATFRFTATFRF 
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Appendix III 
 (PSIPRED server results: prediction of secondary structure for wild type FhuA)  
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Appendix IV 
(PSIPRED server results: prediction of secondary structure for FhuA ∆1-159) 
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